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Abstract 
 
The research presents the harmonic elimination using active power filter (APF) for balanced 
three-phase power systems. In this research, the DQF method is used for harmonic detection. The 
DQF method is compared the detection performance with the synchronous reference frame (SRF) 
method. The PI controller is used to control the compensating currents and the PWM technique is 
applied to generate the switching signals for IGBTs of active power filter. The research also presents 
the PI controller design using artificial intelligent techniques called adaptive tabu search (ATS). The 
aim of the PI controller design is the minimum %THD of source currents after compensation. The 
simulation results show that harmonic quantity of the source currents are reduced after compensation. 
Moreover, the %THD of these currents follows the IEEE std. 519-1992. In addition, the PI controller 
is used for the dc bus voltage control of active power filter cooperated with DQF harmonic detection 
method.  
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Donghua Chen, and 
Shaojun Xie 
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Juan W. Dixon, 
Sebastian Tepper M., 
and Luis Moran T. 
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Marian P. 
Kazmierkowski, and 
Luigi Malesani 
-7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-
9ก
)(	ก
 h!)#
ก&+ 2 ก(#	 $ ก(#	ก
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))5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ก)!  
9 stationary frame controller 
9 synchronous frame controller 
9 predictive deadbeat controller 
ก(#	ก
)(	ก
))6	#&+5 &
ก)! 
9 hysteresis controller 
9 delta modulation 
9 online  optimized controller 
9ก
)(	ก
))5 6	#&+5 7
&
ก_#   ก
)(	ก
))5 		
2		ก)ก
-6&/5-2
)ก
)(	))!" 
1998 
Simone Buso, Luigi 
Malesani, and Paolo 
Mattavelli 
-7ก
!)&
))9ก
)(	ก

5!5 *2	! 3 9 6!ก# 9!))r	 9!) 
94"
i i7ก
!)94"
i	
	

%ก
)(	ก
5!56!!ก#ก9 "#
/~#ก
-	%"5 
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"
 2.3 กก)ก
)(	ก
~!ก
5!5-2
)
ก
 
ก-ก3 ("#) 
&8"	 
(..) 
.7 
-0 
2000 
Nassar Mendalek and 
Kamal Al-Haddad 
-))-.""

ก
ก-
ก3)) -2
))(	ก
)ก! 
h!6!
)((!!#-0 $ ก
#ก
5!5

"	ก
 -6!#
!
r /27:2
ก
5!5&+#/ 
2003 
N. Mendalek, 
K. AI-Haddad, 
F. Fnaiech, 
and L.A. Dessaint 
-))-.""

ก
ก-
ก3)) -2
))(	ก
)ก! 
h!!)ก)
))ก
.h2!6	#	!( 
2006 
L.R. Limongi, 
M.C. Cavalcanti, 
F.A.S. Neves, 
and G.M.S. Azevedo 
-))-.""

ก
ก-   
ก3)) 2 h

 $ h

)(	
ก
)ก! h

-2
))(	ก

)ก α-β  
2009 
Salem Rahmani, 
Abdelhamid Hamadi, 
Nassar Mendalek,  
and Kamal Al-Haddad 
-))-.""

ก
ก-
ก3)) -2
))(	ก
)ก! 
	ก
/5
#	ก)
ก
ก-i3)) 
2010 
P. Prasomsak, 
K-L. Areerak, 
K-N. Areerak, 
and A. Srikaew 
-9ก
)(	ก
 -2
)
ก
ก-      
ก3))!")(	))3'iiก 
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"
 2.3 กก)ก
)(	ก
~!ก
5!5-2
)
ก
 
ก-ก3 ("#) 
&8"	 
(..) 
.7 
-0 
2010 
Salem Rahmani, 
Nassar Mendalek, 
and Kamal Al-Haddad 
-7ก
!ก
)(	ก
~!ก
5!5
)ก! -2
)
ก
ก-ก3)) 
))
!ก
)(	))!" 
 
2.5 	
กก
ก--.+

$/ "$%
&'(ก
 
กก
ก  
กก)ก
)(	
!)63"
-2
)/5
#	ก)
ก
ก-
ก3)) "*"#/!"%&'() 	
%!6!!"
 2.4  
 
"
 2.4 กก)ก
)(	
!)63"
-2
)/5
#	ก) 

ก
ก-ก3 
&8"	 
(..) 
.7 
-0 
1997 
Soares, 
Verdelho, and 
Marques 
-ก
)(	
!)63"
!")(	))
6 h!
.)(	7"#
2## Vdc  V
*
dc 

	%ก
)(	!ก#5$	hก)*"ก

"
)4
	ก!9 SRF 
1998 
Bruyant, 
Machmoum, 
and Chevrel 
-ก
)(	
!)63"
 2 9 6!ก# 
)(	!")(	))6 )(	!"
)(	)) RST  
1999 
Casadei,Grandi, 
Reggiani, 
and Rossi 
-ก
)(	
!)63"
!")(	))
6 h!
. 2 ก
. $ 
.)(	7"#

2## Vdc  V
*
dc ก
.
.)(	7"#
#	/"กr)&
(
2# EC  E
*
C 
2000 
Nassar Mendalek and 
Kamal Al-Haddad 
-ก
)(	
!)63"
!")(	))
6 	ก
/55$	hก)
)))(	ก
)
ก! 	ก
ก))!")(	))6 
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"
 2.4 กก)ก
)(	
!)63"
-2
)/5
#	ก) 

ก
ก-ก3 ("#) 
&8"	 
(..) 
.7 
-0 
2006 
Mazari and 
Mekri 
-ก
)(	
!)63"
 2 9 6!ก# ก

)(	!")(	))6 ก
)(	!"
)(	))3'iiก h!*9
.)(	
7"#
!)63"
กก- 
2006 
L.R. Limongi, 
M.C. Cavalcanti, 
F.A.S. Neves, 
and G.M.S. Azevedo 
-ก
)(	
!)63"
!")(	))
6 	ก
/55$	hก)
)))(	ก
)
ก! )ก&
	. h!6	#	ก

)(ก

ก))")(	"#&
ก
/! 
 
2.6 $. 
กก
-
&


.ก

	ก*
)) 	
%
(&&+
7:6! !
& 2.1 76!/2	-0ก)ก
ก-!4
	ก/
))!
ก

ก-ก3))5!2##
! $ก
5!!ก#		

%ก
ก-!
4
	ก! /#ก
"
)4
	ก ก
)(	ก
5!5 ก
)(	
!)
63"
 6!
.h!r2rก(!!#ก
)(	ก
 
!)63"
#)
ก! 
ก
)(	&
	.!ก#)ก!/27")
!
r"#ก

&&
&00. h!~ก)ก
4
	ก	% -/2	ก
-
))-.""
	
2$2h


)))(	ก
5!5 

)))(	
!)63"
)ก!	")(	))6 ก*h

ก
)(	
!ก#

)ก)ก
"
)4
	ก!9!3 	
%"
)4
	ก6!#
	)
. กก* /
)))(	ก
6!$ก!))r	)(	ก
-
"5(&ก
.rก
กก--	/5&+
ก
ก-ก3)) $ก 
!ก#		%ก
"5#ก)	%00.	2	 	2กก
-
6	#i)i 2	-2
)-	/5)(	
!"("กก
"
 /27ก

)(	! 2	ก#ก
-6&/5
 -2
)ก
!-*2	! 	
%$7h!/5
ก
-%ก
.7#5(!)rก simulink )h&
ก
	 MATLAB 	!55*! $ # %THD 
~ (%THDav) ก
2## :/"ก
)	"
, IEEE Std.519-1992 
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& 2.1 :
	&


.ก

	 
  
 
 
 
 
 
 
 
 
 3 
ก	
		กก		ก	กก 
 
3.1  
ก	
ก	กกก		
 กก!
ก" 		#$ "%&'	(ก	!ก)ก( 
*+ (,! ,-กก +.)ก	'% ก#%"/, !. "	.
+#!,-(ก	
ก01	ก! #!,ก (ก	,*2 
(Synchronous Reference Frame) *+#% -ก ( SRF (Takeda, Ikeda, Teramoto, and 
Aritsuka, 1988)  (!- #% -ก ( DQF (Sujitjorn, Areerak, and 
Kulworawanichpong, 2007) -Z.-"	.% ก	!, ),-	Z.,-กก	%1
#$	ก! .ก	
ก	ก! ก!	 %	%'
 -0Z-0!ก	
ก",!+." (  2!ก
-%	-	-0Z-Zก(ก	
ก	ก!- 	"/,ก	
กกก		 
 
3.2      	!"#$%
"#ก&ก'	()*ก 
 ก	
ก	ก!"/,กก%%1#$	ก-  
Z uf , vf    wf  -%[%1#$	ก αβ Z αf    βf  2!"/,ก%-ก*
!ก (3-1) ..ก!ก#!,)ก%	)1!,% (^ -ก	 
3
2  -Zกก
%%1	ก-#%)	ก αβ #!,++ก_ก'ก`ก (power 
conserving convention) ก.+%%1	ก αβ -%[%1	ก! Z df  
  qf  !,-ก*!ก (3-2) กก!ก ω  Z -/' (--!/) 
'!,-cกก!d), -0Z", 	'%1
ก"! e 
#!,ก		 ก.ก%%1#$#!,ก",, -ก ก%
% (Parkgs Transformation) 2!dh0!ก%%1 e #!,!)% 3.1 
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





















−
−−
=





w
v
u
f
f
f
f
f
2
3
2
3
0
2
1
2
1
1
3
2
β
α                  (3-1) 
 
 











−
=





β
α
ωω
ωω
f
f
tt
tt
f
f
q
d
)cos()sin(
)sin()cos(                  (3-2) 
 
vf
2
1
−
wf
2
1
−
vf
2
3
−
wf
2
3
uf
vf
wf
αf
αf
βf
tω
qf
df
)sin()cos( tftf ωω βα +
)cos()sin( tftf ωω βα +−
tω
ω
βf
 
     (ก) ก%ก--%[ก αβ                   () ก%ก αβ  -%[ก! 
 
)% 3.1 dh0ก%ก% 
 
 ก)% 3.1 (ก) #!,01%1#$	ก-!' 
( uf , vf , wf ) % ก	!		ก (positive sequence) 'ก -ก	 
3
2π --! +
#01% ก	!	l) (zero sequence) 	ก αβ  ,'.nก2!
ก!",ก α "-!กก	- u ")% 3.1 () ก!'.nกก
'!,-c-ก	 ω (--!/) -0Z",-ก!-,"ก+. ก 
ก #$	ก-!'ก1#01%1
ก -Z,ก%",)	
ก!#!,2! .+ Z %%1	ก-",)	ก αβ  
. Z %%1	กαβ ",)	ก! -Z01ก'	ก!
-ก	 -/'ก #$	ก- d0(-ก!+.!! 3.1 
2! 1i  Z 0)!ก )o 		 
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 3.1 ก%ก #$	ก- ก1#01%1
ก 
กก% )%		ก 
	ก- )cos(1 tiiu ω=  , )3
2
cos(1
π
ω −= tiiv , )3
2
cos(1
π
ω += tiiw  
	กαβ  )cos(
2
3
3
2
1 tii ωα ⋅= , )sin(2
3
3
2
1 tii ωβ ⋅=  
	ก! 
1
2
3
3
2
iid ⋅=  , 0=qi  
 
 3.2 ก%ก #$	ก- ก101%1
ก 
       !	 5  !	 7 
กก% )%		ก 
	ก- 
)7cos()5cos()cos( 751 tititiiu ωωω ++=  
)
3
2
7cos()
3
2
5cos()
3
2
cos( 751
π
ω
π
ω
π
ω −+++−= tititiiv  
)
3
2
7cos()
3
2
5cos()
3
2
cos( 751
π
ω
π
ω
π
ω ++−++= tititiiw  
	กαβ  
( ))7cos()5cos()cos(
2
3
3
2
751 tititii ωωωα ++⋅=  
( ))7sin()5sin()sin(
2
3
3
2
751 tititii ωωωβ +−⋅=  
	ก! 
( ))6cos()6cos(
2
3
3
2
751 titiiid ωω ++⋅=  
( ))6sin()6sin(
2
3
3
2
75 titiiq ωω +−⋅=  
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01#!,	dก 	ก2!-
ก -ก",-ก!%1
ก+. ก%%1!ก",)	ก!.
#!, 2!กก ก1
ก!	 5  
ก!	 7  )
ก	ก #$)o ! 3.2 2!  5i    7i  Z 0)!ก 

ก!	 5  !	 7 !	  -ก#!,%1
ก!	 5 
 !	 7  %กq"!	 6 -Z01)	ก!  กก"
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-Zก 	ก*++.)ก	!	-
ก" !	 	
%1
ก!	"! e -Z01)	ก!!#!,! 3.3  
 
 3.3 %1
ก%กq	ก! 
!	
ก	ก- !	- 
!	
ก	ก! 
(')o 		) 
5 	 6 (!	-	) 
7 	ก 6 (!	-	ก) 
11 	 12 (!	-	) 
13 	ก 12 (!	-	ก) 
17 	 18 (!	-	) 
19 	ก 18 (!	-	ก) 
 
ก#$	ก!)!,ก -,กก Z ก#$ก
1 + ( p ) (	#!,!ก (3-3)  ก#$- ( φ3p ) 1#!,
ก (3-4) -Z%",)	กαβ ก#$ก1 +	ก αβ  ( αβp ) 
!#!,!ก  (3-5) '!,%",#!,ก#$ก	ก! 
( dqp ) %กq!ก (3-6) 
    
iv ⋅=p                                                                                                                        (3-3) 
 
 [ ] wwvvuu
w
v
u
wvuuvwuvw iviviv
i
i
i
vvvp ++=










⋅=⋅= ivTφ3                                  (3-4) 
 
 [ ] ββαα
β
α
βααβαβαβ ivivi
i
vvp +=





⋅=⋅= ivT                                                     (3-5) 
 
[ ] qqdd
q
d
qddq ivivi
i
vvp +=





⋅=⋅= dq
T
dq iv                                                        (3-6) 
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  Z ก#$ก1 + (q) !#!,!ก (3-7) -,ก
ก#$ก1 +- ( φ3q ) ก (3-8) %!ก",)
	กαβ  ( αβq ) !ก (3-9) ก 01-ก-ก#$ก
1 +	ก! ( dqq ) !ก (3-10)  
 
iv×=q                                                                                                                        (3-7) 
 


















=










=×=
vu
vu
uw
uw
wv
wv
w
v
u
ii
vv
ii
vv
ii
vv
q
q
q
q uvwuvw3 ivφ                                                                    (3-8) 
 
αββα
βα
βα
αβαβαβ ivivii
vv
q −==×= iv                                                               (3-9) 
  
 dqqd
qd
qd
dqdqdq ivivii
vv
q −==×= iv                                                                (3-10) 
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	ก 
กก1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,ก!	 ก	
ก +#
01dก 	-ก!+.ก	'กn!ก /!-/ ก	'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ก-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 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ก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n!ก 
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#!,	)12!ก /!-/!ก -ก	ก ,- #!,กก
	
ก	ก! 
กก!
ก!,กกก			 		#$ก
-!' !#!,!)% 3.2 ก)%!กก#$- -ก	 380 VL-L 
-!, -ก	 0.01 mH -,ก	2!#-%[-/-, Z -
ก -			!2!-%[, (RL) -ก	 Ω130  'กก	
- (LL) -ก	 H4  
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 3.2 กกก 
 
2!#-%[-/-,!กก",-ก!ก 
ก+.ก#$ก 	cก
	
ก	ก!+-,		 -0Z	ก 
ก-ก!+." 		 
!,ก1ก ,	ก! ( dhi  qhi ) ก%",)	ก- 
( *cui , *cvi  *cwi ) 	%$-%[1,",ก	กกก		 ก.
	cกกกก		-%[ก '!  ,n!ก 
/!-/ ( cui , cvi  cwi ) ",ก 		 *+01กn!ก /!-/ก1- u #!,
ก (3-11) !. 
 
cuLusu iii −=                                                                                                              (3-11) 
 
กก (3-11) -Z01ก"ก1- u  #กn!ก /!-/ 
( cui ) ก ก#$ก ( sui )  -ก	 ก #$2! ( Lui ) *+ 
กd!-0.)%1 +",)%1ก`1 	!-	.#-%[)%#* ,กn!
ก /!-/!ก (3-11) ก ก#$ก -ก	 ก #$
2!ก	ก	ก /!-/+",ก ก#$ก`1 )%1-%[
#*ก+. ..-Zกกn!ก /!-/-,) 		-0Zก	ก	%1
ก-ก!+.
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d",)%1%กq% ก	
ก!, 1 -!ก% ก	
)o)-/-! 	dก!	 "/,-%-*c-0.ก ก
 !"# (Total Harmonic Current Distortion: %THDi,k) :ก (3-12) =>ก"?!>"@ 
%THDav ก (3-13) -%[/.! ก	
ก -0Z",ก	

ก	ก! !'!	กกก		 
 
 %100%THD
1
2
2
ki, x
i
i
h
h∑
==                                                                                     (3-12) 
 
3
%THD
%THD
,,
2
,
av
∑
== wvuk
ki
                                                                                  (3-13) 
 
ก-Z#%กก01 %THDav -%[/.! ก	
ก 
d),,ก ก!
ก 	)ก	ก%	%'% ก	ก#$",ก	
 		 !. กก1-0Z!	 ก	
ก	ก! +
ก-% ก	ก (pf) "ก1ก  hก/!-/ 2!ก
%	%'" Z  pfdisp (displacement power factor) !ก (3-14)   pfdist 
(distortion power factor) !ก (3-15) -0 n . /.! ก%	%'
% ก	ก+01% ก	ก (pftotal) !ก (3-16)  
 
1,1,
0
1
disp
)()(
1
pf
rmsrms
T
IV
dttitv
T
S
P
⋅
⋅
==
∫
                                                                                 (3-14) 
 
rmsrms
rmsrms
iv
IV
IV
THDTHD ⋅
⋅
=
+⋅+
= 1,1,
22
dist
11
1
pf                                                 (3-15) 
 
 dispdist pfpf ×=totalpf                                                                                                (3-16) 
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3.4      ก	
		ก"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.ก	"/0	 
 ก	
ก!,(ก	,*2 Z( SRF dh0.ก
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)% 3.3 2!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 -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







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


β
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L
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q
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i
i
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i
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





=
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−
α
β
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θ
s
s
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v
v
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1
22
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V
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




















 −
−
−
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


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L
L
i
i
i
i
i
2
3
2
1
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3
2
1
0
1
3
2
β
α
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



















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−
−
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
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v
v
v
v
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2
3
2
1
2
3
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 	
	 1 %ก #$- Z Lui , Lvi  Lwi -%[ก #$	ก 
αβ  ( αLi  βLi ) +!'! PCC Z upccv , , vpccv ,  wpccv ,  -%[!#$	
ก αβ  ( αsv  βsv ) !	cก 3-phase to αβ 
 
	
	 2 %ก 	ก αβ  #%)	ก! ( di  qi ) *+%กq"
	cก αβ axis to dq axis 	ω %กq"ก01ก' (θ ) 2!1
ก	cก Polar y Cartesian Coordinate Conversion -ก	 )o 		 ",
-ก-ก #$ di  qi '!,-c-/' -ก	 314.16 --!/ -0Z"/,
01ก%1ก 
ก ( dhi   qhi ) กก%1ก )o ( 1di  1qi )  
 
	
	 3 ก%1ก 
ก)	ก! กก%1ก 
)o #!,2!"/,ก -/ กd) (HPF) Zก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 (LPF) 
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2,ก"/,!)%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d)  ก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!	!#% ".. #!,%1ก 
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ก ( dhi  qhi ) -0Z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	
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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               (ก) ก1"/,กd)                           () ก1"/,กd 
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"ก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ก1"/,กd    
"กก%1
ก 
Hz45=cf  
u 24.42 0.3136 0.0691 
v 24.42 0.3060 0.0698 
w 24.42 0.3129 0.0696 
-n.- 24.42 0.3109 0.0695 
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pfdist,u pfdist,v pfdist,w pfdisp,u pfdisp,v pfdisp,w pftotal,u pftotal,v pftotal,w 
0.9714 0.9714 0.9714 0.9800 0.9800 0.9800 0.9520 0.9520 0.9520 
ก/!-/!,( SRF (LPF, !	 3 Hz45f c = ) 
1.0000 1.0000 1.0000 0.9800 0.9800 0.9800 0.9800 0.9800 0.9800 
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 ก 3.10 -ก#!,hก/!-/  %THD ก #$!,
-n.-.( -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-*c "ก/!-/
% ก	ก 0	  pfdist -ก	 1 -Zกd %THDav 2,!
, ก1 pfdisp ( DQF ก%	%'./!-/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กก/!-/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pfdisp .- -ก	 0.9800  hก/!-/ pfdisp .--ก	 1 d", 
pftotal -%[ 1  3.11 กd-ก!+.!",-c ก%	%' ก
	
ก!,( DQF กก ,ก ,",ก	กก   
ก		-0Zก!
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!, /!-/% ก	
ก#$" 		#!,	)1 !.+'%#!, ก%	%'ก	
ก!,
( DQF ", ! 		l+ก` d),+-Zกก	
ก!,(!ก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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 3.10  %THD ก #$!,ก#$ก 
                      ก1ก%	%'ก	
ก!,( DQF 
- 
 %THD ก #$!, 
 %THD 
กก
/!-/ 
 %THD ก/!-/ 
ก1"/, SWFA ก%1

ก	ก! 
ก1"/, SWFA ก%1

ก-n0 	ก! 
u 24.42 0.0246 0.0246 
v 24.42 0.0246 0.0246 
w 24.42 0.0246 0.0246 
-n.- 24.42 0.0246 0.0246 
 
 3.11 dก!	 ก/!-/% ก	ก 
                      กPกc:กกJ>H DQF 
กก/!-/ 
pfdist,u pfdist,v pfdist,w pfdisp,u pfdisp,v pfdisp,w pftotal,u pftotal,v pftotal,w 
0.9714 0.9714 0.9714 0.9800 0.9800 0.9800 0.9520 0.9520 0.9520 
ก/!-/!,( DQF (SWFA -n0 	ก!) 
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
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ก0|ก
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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 "	.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),-	Z.,-ก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1#$	ก! "ก	#,-%[),
	!,ก	
ก	ก! 	"/,0|!),!ก
-0Z  (ก -0!"ก	
ก	ก!",!
+. *+dก!	 0	 กก%1
ก !, SWFA -n0 	ก! 
,ก ,",กกก		 ", "กก!
ก 
  "ก/!-/% ก	ก!'! 
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ก
		 #!,	ก00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)" Z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  - P. Santiprapan and K-L. Areerak, Performance Improvement of Harmonic Detection 
using Synchronous Reference Frame Method, 2010 International Conference on Advances in 
Energy Engineering (ICAEE 2010), Beijing, China, 19-20 June 2010, pp. 52-55. 
- ก0 ก`   0(^ l% 0(, 	cกก	
ก!,(
ก	,*2	2%ก SIMULINK, 2 0~lก 2554, - 
266182 
- 0(^ l% 0(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ก`  ก0 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4.1 	
 
	
ก		 ก					กก	 
ก!	 "#$% &'( ก  )*ก"+	ก	'% (ก
,	)		% '%*%	(%	 '%ก	-#ก(.#.$ ('%,	
#  /!	 กก	 ก!	 ก			
	 $ 
	0&0ก	ก('%ก#)*
+ ก ก	 1	%กก#
 #  0+*%+	กก		(				กก	 ก
!ก	%! 	ก #	ก		# ก,	
+$2,ก# "#$
.+ กก	
	 ก	ก$ /#+%ก		%&2ก+	 "#$ก	$$
3ก ก		&	ก	*)0*)	"ก% Simulink ,%ก "ก% MATLAB 3,	.'#
@ก SimPowerSystems  
 
4.2 	


ก
 ! 
S1 S3 S5
S2 S4 S6
uMv
dci
PCC
cuicL cR
dcV dcC
'
uS
uS vS
'
vS
'
wS
wS
cvi
cwi
vMv
wMv
Mnv
upccv ,
vpccv ,
wpccv ,
ulv
vlv
wlv
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	ก2* 4.1 กก	 ก!	 *%"+	
,,	$# 
.+/	+	*.	#+	@กกก	  	#+	K (AC 
SIDE) # ก,	(.*%,ก ,,	$# 	%!*'#,,% (Point of Common 
Coupling: PCC) 3,	 *$	 )( cL  ( +		 )( cR   	%! "#$%# 	)'
 ( ulv , vlv , wlv ) *%3"#$,ก	-#ก(.#.$/3,	 *$	 
( cui , cvi , cwi )  )*'%
+,	ก(# ก,	% กW(2 XX	
ก+$ก ก(+	 
( *cui , *cvi , *cwi ) */#+	กก	 1	%ก#+$Y DQF %*)			#+	#K (DC SIDE) 
),	  ก@(' )( dcC  %	+	*ก@(%) 	 )*
.+	 ก	-#ก(.#.$
+	2,( %&0#  /! )( dcV *ก,% dcC (+/#+ ก	'%)*
+/#+'#ก	
		*%	(% ก	ก
	 $/#+ก
.+ก	.#+$)# $2@% 	 
'%ก			/)*'%# 	)' 
ก					 *%+	กก	)		ก\# .!!] 
(KVL) 	#+	K )*	%ก	.') Yก(.#.$ (/#+# %ก	* (4-1) &0%ก	
* (4-3) 
 upcccuc
cu
cul viR
dt
di
Lv ,++=                                                                                      (4-1) 
 
 vpcccvc
cv
cvl viR
dt
di
Lv ,++=                                                                                       (4-2)  
 
 wpcccwc
cw
cwl viR
dt
di
Lv ,++=                                          
                                          (4-3) 
 
"#$* MnuMul vvv += , MnvMvl vvv += ( MnwMwl vvv +=  ,	# ก,	 # 
	)'*ก	ก! u,v,w 	%	#  
 
	 	 $32+ $/#+  *()		-)	((ก	 /!!c		%!	%
	$%#',	  #   
ก		((/%,ก,	&0%	/!!c		# 2$ 0,3
+
	% %) Y# *'# PCC (ก(.#.$ 	%! # %ก	* (4-4) (
%ก	* (4-5) 	%	#  "#$%*)			% %) Y# ก,	,%ก %ก	* (4-1) &0%ก	* 
(4-3) 
e	(  (	%	& #	% %) Y/#+# %ก	* (4-6) 
 
 0,,, =++ wpccvpccupcc vvv                                                                                           (4-4) 
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 0=++ cwcvcu iii                                                                                                           (4-5) 
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=
−=++−=
wvuj
jMwMvMuMMn vvvvv
,,3
1
)(
3
1                                                          (4-6) 
 
 	% %) Y*/#+	ก%ก	* (4-6) 
%ก	* (4-1) &0%ก	* (4-3) (/#+# 
%ก	* (4-7) &0%ก	* (4-9) 	%	#  (%* #%%ก	# ก,	
+$2,
2 */
(/#+# %ก	* (4-10) "#$  k  ! u, v, w  
 
 upcc
cwvuj
jMuM
c
cu
c
ccu v
L
vv
L
i
L
R
dt
di
,
,,
1
)
3
1
(
1
−−+−= ∑
=
                                               (4-7) 
 
 vpcc
cwvuj
jMvM
c
cv
c
ccv v
L
vv
L
i
L
R
dt
di
,
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1
)
3
1
(
1
−−+−= ∑
=
                                               (4-8)  
 
 wpcc
cwvuj
jMwM
c
cw
c
ccw v
L
vv
L
i
L
R
dt
di
,
,,
1
)
3
1
(
1
−−+−= ∑
=
                                             (4-9) 
 
kpcc
cwvuj
jMkM
c
ck
c
cck v
L
vv
L
i
L
R
dt
di
,
,,
1
)
3
1
(
1
−−+−= ∑
=  
                                     (4-10) 
 
 	# & #%	%*)			% %) Y(,	)' (	)'# (ก(
 (/#+# %ก	* (4-11) (%ก	* (4-12) 	%	#  "#$*,	 kc   
!kก. ก	. (switching function : kc ) / "#$% กW(ก			# %ก	*      
(4-13) 	ก	% %) Y
%ก	* (4-11) 
%ก	* (4-10) (/#+# %ก	* (4-14) 
 
dckkM Vcv =                                                                                                                (4-11) 
 
ck
wvuk
kdc ici ∑
=
=
,,
                                                                                                           (4-12) 
 




=
)('),(,0
)('),(,1
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c
kk
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k                                                                                   (4-13) 
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kpcc
c
dc
wvuj
jk
c
ck
c
cck v
L
Vcc
L
i
L
R
dt
di
,
,,
1
)
3
1
(
1
−−+−= ∑
=
                                            (4-14) 
 
	ก%ก	* (4-14) 	%	& #%!kก. ก	. !kก. &	(ก	. 
(switching state function : kd ) /#+# %ก	* (4-15) %* #
+$2,
2%ก	%กK (/#+# 
%ก	* (4-16) 	ก	% %) Y# ก,	
%ก	* (4-14) (/#+# %ก	* (4-17) 
 
)
3
1
(
,,
∑
=
−=
wvuj
jkk ccd                                                                                                (4-15) 
 




















−−
−−
−−
=










=
w
v
u
w
v
u
k
c
c
c
d
d
d
d
211
121
112
3
1                                                                      (4-16) 
 
kpcc
c
dck
c
ck
c
cck v
L
Vd
L
i
L
R
dt
di
,
11
−+−=                                                                   (4-17) 
 
%ก	.') Yก(.#.$ก	%! #/#+# %ก	* (4-17) 

 ,/ก		%ก	.') Y# 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* (4-18) 
 
ck
wvuk
k
dc
ck
wvuk
k
dc
dc
dc
dc id
C
ic
C
i
Cdt
dV
∑∑
==
−=−=−=
,,,,
11
)(
1                                     (4-18) 
 
	กก	Y	$	.) กก	 ก!	%	
/!!c		%!
+	+ 	%	&$	 &	(/#+ # %ก	* (4-19) 
 












−


































−−−
−
−
−
=












0
1
0
00
00
00
,
,
,
wpcc
vpcc
upcc
c
dc
cw
cv
cu
dc
w
dc
v
dc
u
c
w
c
c
c
v
c
c
c
u
c
c
dc
cw
cv
cu
v
v
v
L
V
i
i
i
C
d
C
d
C
d
L
d
L
R
L
d
L
R
L
d
L
R
V
i
i
i
dt
d                             (4-19) 
  
 
 
 
 
 
 
44 
 
4.3 	
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ก# 
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'%ก	-#ก(.#.$ ("+	ก	'%#  /! 

	 $%	ก	'%$2,ก# #  ก	#		
 ,/  ก	
		.) ก	%! 3,	%กKก		 # %ก	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+	$2,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(* fd ( fq  %		/!!c	ก#  
	ก+ก	%	ก#ก /$2,ก/!!c		%!	%	&	/#+ # %ก	* 
(4-21) 	 %กK K #/+
%ก	* (4-22) "#$%,	%'%! ( tωθ = ) K0*%'#+$
	%@ ,	ก  ω  rad/s 
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.  kd  Y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ก	%#2 (modulation index: M) (Rim, Hu and Cho, 1990) 
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
%ก	
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e	$ 	กก	,	#+$ก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c
c
c
c
cq
cd
v
v
L
V
d
d
Li
i
L
R
L
R
i
i
dt
d
,
,11
ω
ω
                          (4-38) 
 
ก!"%))*+ก%( 
ก		(*%+#+$ก	)		%ก	* (4-19) 
&* 4 "#$$$2,
%ก	 
&	( # %ก	* (4-39)  #%
+$2,
2%ก	%กK # %ก	* (4-40) 	ก
%ก	# ก,	%*Y	$#+$	% %) Y%ก	* (4-21) (	%	&#/#+# %ก	* 
(4-41) 
 
)(
1
cwwcvvcuu
dc
dc ididid
C
V
dt
d
++⋅−=                                                                  (4-39) 
 










⋅




















⋅−=
cw
cv
cu
T
w
v
u
dc
dc
i
i
i
d
d
d
C
V
dt
d 1                                                                             (4-40) 
 














⋅⋅













⋅⋅−= −−
cq
cd
T
q
d
dc
dc i
i
d
d
C
V
dt
d 11 [
1
K][K]                                                 (4-41) 
 
	ก%ก	* (4-41) %*
.+'% 	%%ก"ก (/#+,	 
( ) K]K] [[ 1 =− T  ( I=⋅ −1[[ K]K] #   &+	 #%%ก	# ก,	
%, (/#+# 
%ก	* (4-42) 
 
 
dc
cqq
dc
cdd
dc
C
id
C
id
V
dt
d
−−=                                                                                          (4-42) 
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









−




























−−
−−
−
=










0
1
0
,
,
qpcc
dpcc
c
dc
cq
cd
dc
q
dc
d
c
q
c
c
c
d
c
c
dc
cq
cd
v
v
L
V
i
i
C
d
C
d
L
d
L
R
L
d
L
R
V
i
i
dt
d
ω
ω
                                           (4-43) 
 
 	ก	.) กก	 ก!	ก	%!%	
$2,ก# 	%	&$
+$2,
2 &	(/#+ # %ก	* (4-43) K0*	%	&,
ก/#+ 2 , )*	%	
.+Y	$(*)		$2,ก#  ,ก	'%ก(
.#.$ก# (ก 
%กK&* 1 (&* 2 %ก	 (,ก	'%
#  /!ก# 
%กK&* 3 %ก	 			ก
#(	%	&	%	
.+ก(/#+  	(+%ก	$$ 	%&2ก+
	 K0*%	$($##/+
 +* 4.4 
 
4.4 ก
%&%
 '(ก)	
 
 			ก#*/#+#	ก	%	 %#
+	+ %*/#+ ก	
	%&2ก+ (model validation) (	
+	# ก,	%	%,	.*&%	ก$*0
	 ก		/
.+)*ก('% #   
 +ก		3ก		
&	ก	*/#+	ก		%%ก	*  (4-44)  m-file 
"ก% MATLAB 
$$ก 3ก		&	ก	*/#+	กก	+	(*)			%2* 4.1 
"ก% Simulink ,%ก "ก% MATLAB 3,	.'#@ก SimPowerSystems "#$%
	$($#ก		&	ก	  2 , #  
 ก,ก#-%')'ก%( 
 			ก#กก	 ก!	 %	
ก		&	ก	 *%+	กก			
%ก	* (4-43)  #
+$2,
2!kก. 
&	( (state function) # %ก	* (4-44)  	ก 	ก		3-$%ก	.') Y
	% X (Ordinary Differential Equation: ODE) #+$ก	$	 * m-file 
"ก% 
MATLAB 
 
 
ux
ux
DCy
BAx
+=
+=&
                                                                                                             (4-44) 
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 "#$* x&    &	(.)  )][( Tdccqcd V
dt
d
i
dt
d
i
dt
d
=x&  
x    &	( )][( Tdccqcd Vii=x  
u   )'	 )( mvu =  
y   	)'	 )][( Tdccqcd Vii=y  
(%กK A ,B ,C ( D  	  
 


















−⋅⋅⋅⋅−⋅⋅⋅⋅−
−⋅⋅⋅⋅−−−
−⋅⋅⋅⋅−
=
0)sin(
1
2
3
23
2
)cos(
1
2
3
23
2
)sin(
1
2
3
23
2
)cos(
1
2
3
23
2
11
1
1
φφφφ
φφω
φφω
dcdc
cc
c
cc
c
C
M
C
M
L
M
L
R
L
M
L
R
A  
 


















+−⋅⋅⋅
+−⋅⋅⋅−
=
0
)sin(
1
2
3
3
2
)cos(
1
2
3
3
2
1
1
λφφ
λφφ
c
c
L
L
B , 










=
100
010
001
C , ]0[=D  
 
 ก,ก#-%')'$!%.ก&./0 
ก		&	ก	(	%ก	)		
2* 4.1 (
.+"ก% Simulink 
,%ก "ก% MATLAB 3,	.'#@ก SimPowerSystems *%	 +	( 
# 2* 4.3 	ก2# ก,	 (ก#+$ .'#@ก SAPF 	+	*	%!
%'กก	.  	ก0* 	 IGBT/Diodes 6 . *  XX	) 	 '%ก	
		.	ก@ก 6 pulses K0*	$($### 2* 4.4 ,(ก	#+	#K
# ก,	&2ก,+	ก  ก@(' )( dcC  ,	#+	K,+	ก  *$	 
)( cL  'ก%ก  +		 )( cR  	%!,,%ก '# PCC *ก	#,,	$# 
2 XX	/K	%!%#' ก	#3#+$@ก Display %ก	 ,	ก(.#.$ 	%
! ( cui , cvi , cwi ) 3,	ก		 
(#$ก ก@ ,	# *'# PCC )*
.+	
,	%'% )(θ 
+ก %กKก		.,ก  ก( */#+,	ก(ก# ( cdi , cqi ) 
( ,	#  /! ( dcV ) )*#3ก		&	ก	,%ก ก#+$ 
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Rc
Shunt Active Power Filter
(Exact Topology Model)
Lc
Rc Lc
Rc Lc
Cdc
PCC
SAPF
6 pulses
Display
Discrete,
Ts = 1e-006 s.
pow ergui
[Vdc]
[ic]
[Vpcc]
6-pulse
v
+
-
Vabc
Iabc
A
B
C
a
b
c
Three-Phase
V-I Measurement
phase u
phase v
phase w
vpcc
ic
vdc
icd
icq
Vdc[Vdc]
[Vpcc]
[ic]
g
A
B
C
+
-
 
2* 4.3 (*)		"ก% Simulink ,%ก "ก% MATLAB 3,	.'#@ก 
                    SimPowerSystems 
 
S'u
Su
S'v
Sv
S'w
Sw
comparator
v*ul
v*vl
v*wl
tr
tr
tr
1
6 pulses
>=
>=
>=
NOT
NOT
NOT
 
2* 4.4 "+	e	$
@ก 6 pulses 
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	ก2* 4.4 #"+	ก			e	$
@ก 6 pulses K0* ก	
+	 XX	'%ก	.#+$)# $2@%  # ก,	*%+	กก	ก	#
 XX	# +	 	%! ( *ulv , *vlv , *wlv ) # %ก	* (4-45) &0%ก	* (4-47) )*
$$ก  XX	)	2	%*$% (triangular carrier: trv ) *%%)2# )( trv  (
	%&* )( trf *,	0* #   ,	# .ก	%#2 )(M Y	$/#+ # %ก	* (4-48) 	ก
%ก	# ก,	 ก/#+,	,	 M  %3,# 	)'*ก	กกก	 ก! ก	
ก,	 M  0%	%	 X#+$.,ก  	$($#,	 w ก*$ก ก	ก/#+	/+

* 5 
 
 )sin(** tvv ulul ω=                                                                                                        (4-45) 
 
 )
3
2
sin(**
π
ω −= tvv vlvl                                                                                              (4-46) 
 
 )
3
2
sin(**
π
ω += tvv wlwl                                                                                            (4-47) 
 
 
tr
kl
v
v
M
*
=  wvuk ,,; =                                                                                      (4-48) 
 
 กW(ก	
.+)# $2@%)*+	 XX	)  	%2* 4.4 
 ก/#+,	 *ulv , *vlv  ( *wlv  %*$$ก  XX	)	2	%*$% ( trv ) #+$
@ก comparator $ก $,	ก! u  ),	 */ก	.)		%* XX	 
*
ulv  %	กก,	 XX	 trv  (	
+. uS  %,	,	ก  1  	ก( (. 'uS  *
3,	@ก NOT 
+,	,	ก  0  $'#	ก( 
	ก ก 	ก3ก	$$
 XX	 *ulv  +$ก,	 XX	 trv  (	
+. uS  $'#	ก( (. 'uS  
	ก( 3*ก#0	
+)yก%ก	*$&	(. 
,(!
		 %) Yก #$,	ก			"#$/%,ก#kX	ก	 #,,	$
# /!!c	ก( 
 
ก		&	ก	กก	 ก!	 
(*)		# 2* 
4.1 32+ $/#+ก	#,	)		%,	 w e	$
( # 		* 4.1 ก	#% &'(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 ก		%&2ก+			ก# #+$ก	$$
2 XX	 cdi , cqi ( dcV  ก ก	 $.'#@ก	@2 K0*3ก	##/+# 2
* 4.5 &02* 4.7 	%	#  
 
		* 4.1 ,	)		%	 ก		&	ก	 
)		% ,	)		%*
.+ 
# *'# PCC vpcc= 220 Vrms , 250 Vrms  
	%&*(  fs = 50 Hz 
 ก@('#K Cdc= 200 µF 
	%+		
	$, RL = 2 Ω 
 *$	ก Lc = 39 mH 
	%&* XX	)	2	%*$% ftr = 5000 Hz 
# .ก	%#2 M = 1 
  
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
-5
-4
-3
-2
-1
0
1
2
3
4
5
time (s)
exact topology model
DQ model
i
cd
 
2* 4.5 3ก		&	ก	$$,	 cdi  
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0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
-5
-4
-3
-2
-1
0
1
2
3
4
5
time (s)
exact topology model
DQ model
i
cq
 
2* 4.6 3ก		&	ก	$$,	 cqi  
 
0.5 1 1.5
610
620
630
640
650
660
670
680
690
700
710
720
time (s)
exact topology model
DQ model
V
dc
 
2* 4.7 3ก		&	ก	$$,	 dcV  
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	ก3ก		&	ก	 ก	$$3,	 cdi , cqi  ( dcV
	ก			ก# (DQ model) ##+$+#	 (3*/#+	ก.'#
@ก	@2 (exact topology model) ##+$+	  ก/#+,	 ก		&	ก	
)		
.,	 , 0.4 	 &0 1.2 	 	 2* 4.5 (2* 4.6 ,
2* 4.7 
)		
.,	 , 0.4 	 &0 1.5 	 *	ก.,	# ก,	((+	2,e	(
  ก		&	ก	# ก,	/#+%ก	 *$,	)'	  ,	 pccv 	ก 
220 Vrms  250 Vrms  ,	 0.5 	 &0 1 	 ( ,	 pccv  	ก 250 Vrms  220 
Vrms  ,	 1 	 +/  )*ก		%&2ก+	

&	($2,  (steady state) 2,/ก ก	
e	(ก	. *2, (transient 
response) 	ก2* 4.5 (2* 4.6  ก/#+,	 3ก	2,+	2,&	( $2,
.,
ก,	 0.5 	 %*%ก	*$# *'# PCC *	,	ก  0.5 	 ( 1.0 
	 ,3
+ก	,	 cdi  ( cqi  % กW( */ก ,$ w 2,+	2,&	( 
ก  ,
2* 4.7  ก/#+,	 ,	 dcV  (*%**,	# (%	 620 V %*%ก	
*$)*%0,	 pccv  *	,	ก  0.5 	 ,	 dcV %"+%  )*%0
ก( **(%	 705 V K0* 	ก	 1.0 	 ,	 pccv %ก	*$#,	ก  
220 Vrms ก  ,	 dcV  0%ก	"#$  #ก %	* ,	ก  620 V .,#% 
	ก3ก	 %# ),	 2 XX	*/#+%		ก			ก#
% กW(+$ 
+3ก	 e	(  (
e	(. *2, %"+%
+$	%2 XX		ก.'#@ก	@2 *% กW( XX		&	 *	ก3
)yก%ก	.* *$	%	 3# ก,	
+	+0.,$$$ /#+,	
			ก#%	%&2ก+ 
 
4.5 +, 
 			กก	 ก!	 *	
 
.+
ก|ก( (# .!!]
ก		(		%		%! %&0
ก		# ก,	$2,ก# #+$ กก		 K0*3-$
	*/#+ 32+ $%ก	($$ 	%&2ก+ )*("$.	 ก		/
.+

ก	ก('%
+ก กก	 ก!	 "#$	$($#ก	
ก/#+	/+
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 5 
ก	

ก			ก	
ก
ก 
 
5.1  
 	
กกก ก 2    
	
ก!"!# 	
"$% "&'&(กก
ก)
*%+กกก 
,(ก-.ก
	
 )
*%+%	
 
,กกกก/" 
(&#0กกก/

 ".#%	&'&(*/
%. กก
)
*%+กกก -"#.**1กก 4 *1  $".ก  *1ก
 Ingram  Round (Ingram, D.M.E. and Round, S.D., 1997) *1ก Benchaita, Saadate 
 Nia (Benchaita, Saadate, and Nia, 1999) *1ก Thomas (Thomas, T., Haddad, K., Joos, 
G. and Jaafari, A., 1998) *1XYY"*Z[+ (T. Narongrit, K-L. Areerak and A. Srikaew, 
2009) ##"%*1'./ 5.2 กก-.%
	
	
กa"ก!"!#ก"*".#*)"*#0b
 '
./ 5.3 ./ 5.4 %
" กก%	
"$% $".1*#$.'
./ 5.5 -"#/กก	
'./ 5.3 ./ 5.5 $".)(/)
d*%e%+กกกก"* "##"/1*#$..
'/ 4 กก&$".ก,กd+) /%fกก"g+
*ก/
ก*"(&'$h/)*d 
 
5.2 ก	

ก	ก	
ก
ก 
)
*%+'กกก 
*1กก'%
%ก%ก ก".# /(/   กก
/# ( cL ) ".#*1ก
 Ingram  Round /   กก"$% ( dcV ) ".#*1ก 
Benchaita, Saadate  Nia 	".#   กก
กb	 ( dcC ) ".#*1ก 
Thomas *1ก.%0!*% (Adaptive Tabu Search: ATS) ,0ก
'!.) /
	)
*%+/

 cL  dcV && /กกก)
*%+
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"ก f%
,กa"ก!"!#กกก m(/##"ก
ก$".$. "& 
กก
/# ( cL ) ".#*1ก Ingram  Round $".(&
'n .e. 1997 m(/f)1+กก cL  $".%/
"$
ก*"

/#0	" )( (max)cL m(/"ก
,d$".%

ก/ (5-1) "& 
 
)max(
*(max)
dt
di
vV
L
c
mdc
c
−
=                                                                                                      (5-1) 
 
-"#/ mv    #""$h/#ก$h (V) 
            )max(
*
dt
dic   %ก/#ก.*0	"% (A/s) 
 
ก
ก/ (5-1)  dcV  ก'.

กก 1.5 #""$h/
#ก$hก ( V312≈mv ) (Benchaita, Saadate, and Nia, 1999)  
)max(
*
dt
dic  d$".ก+กกg+
*ก' "0/ 5.1 -"#)*d
"g+
*ก/
"ก
ก/	" m(/
/
ก
ก/ (5-2) 
ก/ (5-3) 
 
 )2sin()((max) ftIti hh π=                                                                                                (5-2) 
 
 
h
c fI
dt
di
π2)max(
*
=                                                                                                        (5-3) 
 
 -"#/ hI    
)*0"กg+
*ก"/
"ก0	" (A) 
  f    
,/"g+
*ก/
"ก0	" (Hz) 
 
%/ 5.1 "กg+
*ก"% r /ก*"(&'/)*d 

,/ (Hz) 50 250 350 550 650 850 950 1150 
"ก (A) 4.2500 0.8000 0.5338 0.2820 0.2095 0.1145 0.0836 0.0449 

,/ (Hz) 1250 1450 1550 1750 1850 2050 2150 2350 
"ก (A) 0.0350 0.0272 0.0257 0.0221 0.0199 0.0148 0.0127 0.0098 
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0 500 1000 1500 2000 2500
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
f (Hz)
I
h
 (A)
 
0/ 5.1 "กg+
*ก"% r /ก*"(&'$hก 
 
ก%/ 5.1 "*
dกg+
*ก"% r /ก*"(&'$h 
ก%$". กg+
*ก"/ 5 (f = 250 Hz) 

)*0"0	" ก 0.8 A ก%
"ก"".#ก%
 "0/ 5.1 '.
,%กก%/#
0	" "
ก/ (5-4)  
 
 mHV
fI
vV
L dc
h
mdc
c
8.02502
)2202(
2
max, ××
×−
=
−
=
ππ
; mdc vV 5.1≥                                  (5-4) 
 
ก
ก/ (5-4) ก%$".$

,	)
*%+ dcV   cL  #!" 

'"(f'.
,กa"ก!"!#"/	" "&'ก	)
*%+
"ก'.

กกกก 

%.*#              
e) d+u1*v (2553) /ก"ก$.-"#'!.ก.%0!*% m(/

,"-.bก$"ก
&%กก $"."0/ 5.2  
&%กก"0/ 5.2 */
%.)*d ก.* )( *ci /$".กก
%g+
*ก ) /
กกก!"!# )( ci /d$".กกก'
	
ก!"!# (Compensating Current Control) m(/ก!"!#"ก
,
dก$h".#y#ก!"!# )( si "
ก/ (5-5) ก
" %THD 0YYd si  ) / %THD $
*%'0Xก+!
%,	+ (objective function) ก&%&ก%$". กก.%0!*
%   *1 ATS 
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%THD
cdc LV ,
cdc LV ,%THD
 
0/ 5.2 bก$"ก
กกกกก-"#'!.*1 ATS 
 
.
!#'ก.)
*%+ dcV   cL  -"#
%,	+ก.   
+mb%+
)&#กก (%THD) /.#/	"".#ก$hก 
 
cLs iii −=                                                                                                                    (5-5) 
 
กก1*#&%กก' &%. fก.)
*%+ "$"."
0/ 5.3 ก0"ก "ก0. %THD .#/	" ก 0.9159 +mb%+ '
ก. 1000  -"#)
*%+กกก/$".กก.   
 dcV  ก 750 V  cL  ก 0.039 H m(/"ก#0' /$กก".#
*1ก"&"*
 f'.

,กa"ก!"!#ก/"ก".# "& '
*#& ( ก'!.)
*%+"กกกก 
  
  
0/ 5.3 ก0. %THD  
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##"% r ! กก"%ก. )
*%+% r 
ก*(
 Xก+!%,	+ "0)*/
%*
$".ก
%)*
)+ Narongrit , Areerak  
Srikaew 'n 2009  / Design of an Active Power Filter using Adaptive Tabu Search '/
!	
*!ก The 8th WSEAS Conference on Artificial Intelligence, Knowledge Engineering 
and Data Bases (AIKED09) ./ 314 ,( 318 
 
กก
กb	 ( dcC ) $".กก ก-"#'!.*1 Thomas /$".
$.'n .e. 1998 m(/f)1+/$".กกก   %%/	"
กb
	 ( min,dcC ) 
)) /#"'.กกกก "

ก/ (5-6) กก"ก f%ก	
"ก) /
 )( dcV∆ '.#0'
กd+/#
$". 
f%#ก.0y%"$% ก  
750 V "& '*#& f0.*#ก"'. dcV∆  
$
ก* 3 V  $
ก* 0.4 +mb%+ 
"$%/ก" 
 
   
µF89.88
7503
2.0
~
*min,
=
×
=
×∆
∆
= ∫
dcdc
dc
VV
dtp
C                                                           (5-6) 
 
0 0.05 0.1 0.15 0.2 0.25 0.3
0
2
4
6
8
10
12
14
time (sec)
 
0/ 5.4 f
ก$hก 
dtp∫ ~
dtp∫∆ ~
0.28 0.282 0.284 0.286 0.288 0.29 0.292 0.294 0.296 0.298
12.35
12.4
12.45
12.5
12.55
12.6
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 กกก
กb	'
ก/ (5-6) ) กก$
$".
.*,()'%กb	 f'. min,dcC /$".ก
ก.%. $

,# #$".

))#)%ก$'!.
กกกก ".#%	&(
ก
ก-"#(,()/%กb	 "
ก/ (5-7) ก
ก"ก ก 
)(~ tp   %ก/#) )(
dt
dE  /%กb	 
 /"

ก!*	)1+
#0'
**ก% $"."
ก/ (5-8) $".%%/	"%กb	 )( min,dcC "

ก/ (5-9) -"#/  ∫ dttp )(~    f
ก$hก'y% "& กก
ก&*1 ก	
กb	 
#.# ก 88.89 µF f0.*#( ก'!.

กb	 )( dcC ก 200 µF  /ก(,(#ก.0y% 
dcV  /"b ")*& (ripple voltage: dcV∆ ) /%/ ก $กก/"ก#0
' /$กก 
 
 
dt
dE
iVtp dcdc ==)(
~                                                                                                      (5-7) 
 
2
2
1
)()(~ dcdc
dc
dcdc VCdt
dt
dV
CVdttpE =⋅== ∫∫                                                         (5-8) 
 
F
V
dttp
C
dc
dc µ44.44
750
)5.12(2)(
~2
22min,
==
⋅
= ∫                                                            (5-9) 
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 ( cL ) ก 39 mH "$% ( dcV ) ก 750 V 
กb	 
(Cdc) ก 200 µF m(/&
"กก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,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
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'./ 5.3 ./ 5.5 %
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5.3 ก	
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		 !	ก	ก	"#$"%ก 
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& 
 	
ก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!#กกกก"* 
$".กก-"#e#
ก!*	)1+ก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!#ก"* "
ก/ (5-10) 

ก/ (5-11) %
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 dpccdlcqccdc
cd
c vviLiR
dt
di
L ,−+=+ ω                             (5-10) 
 
 
qpccqlcdccqc
cq
c vviLiR
dt
di
L ,−+−=+ ω                                        (5-11) 
 
-"#/ dcddl Vdv = , dcqql Vdv =  
 
 ก
ก"ก f0dXก+!,ก*%!+ก"* (dd , dq) ก
"$% )( dcV ,0ก"%+)	%/กก*+%+ก"* (vdl , vql) 
ก0
ก$".
ก"!*	)1+/	" PCC ก"* (vpcc,d , vpcc,q) "

ก/ (5-12) 
ก/ (5-13) 
 
 dlcqccdccdcdpcc viL
dt
di
LiRv ++−−= ω,                                                                 (5-12) 
 
 qlcdc
cq
ccqcqpcc viL
dt
di
LiRv +−−−= ω,                                                                 (5-13) 
 
 ก%	fกก"
	
*/
%.'/ 4 '. 
ก/ (5-12) 

ก/ (5-13) 
,#$".'
 "
ก/ (5-14) 
ก/ (5-15) "

ก
!*	)1+'
ก& "
ก/ (5-16) 
ก/ (5-17) ) /"'.b,(%,	+
'ก/	
"%+)	%*+%+ก"* YYd.* (v*dl,v
*
ql) 
'.ก	
ก*%!+".#*)"*#0b
 
 
 dlcqc
cd
ccdcm viL
dt
di
LiRv ++−−=⋅⋅ ω
2
3
3
2                            (5-14) 
 
 
qlcdc
cq
ccqc viL
dt
di
LiR +−−−= ω0                                          (5-15) 
 
 mdcqcdl vuiLv ⋅⋅++−= 2
3
3
2* ω                                                                               (5-16) 
 
 qcdcql uiLv +=ω
*
                                                                                                        (5-17) 
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 ก
ก/ (5-16) 
ก/ (5-17) 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'!.1*#กก-.
ก	
ก!"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%$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&% ud  uq 
  YYd%+)	%/
ก)%+ m(/
%	
)$./	
*
d
%+)	%/)*d'.$".%
/%.ก m(/1*#$"."& 
 
cdc
cd
cd iR
dt
di
Lu +=                                                                                                   (5-18) 
 
 
cqc
cq
cq iR
dt
di
Lu +=                                                                                                    (5-19) 
 
 ก
ก/ (5-18) 
ก/ (5-19) 
ก"ก
Xก+!,#-) /'!.
กก%	
)$".#กm $".Xก+,#-)%+ 
"
ก/ (5-20) ก&"*กXก+!,#-%	
)$ -"#
*/
%.กก)*dYYd	
)$'0/$ก" ก* "$."

ก/ (5-21) 
ก/ (5-22) %
" -"#/% di
~    f% idh ก icd 
% qi
~   f% iqh ก icq %
" 
 /"*กm
ก/ 
(5-21) 
ก/ (5-22) $".Xก+!,#-%	
)$ "
ก/ (5-23) 
 
 ccq
cq
d
cd
RsLU
I
U
I
+
==
1                                                                                                (5-20) 
 
 dtiKiKu dICdPCd ∫+=
~~                                                                                           (5-21) 
 
 dtiKiKu qICqPCq ∫+=
~~                                                                                              (5-22) 
 
 ( )
s
KsK
I
U
I
U ICPC
q
q
d
d +== ~~                                                                                        (5-23) 
 
 
ก/ (5-20) 
ก/ (5-23) 
,1*#fy)$"ก

	
ก!"!#ก"* "$"."0/ 5.5 ก&
,Xก+!,#
-" $"."
ก/ (5-24) 
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cc RsL +
1
dhI
dI
~
dU
cdI
+
−
( )
s
KsK ICPC +
 
(ก) 	
ก" 
 
( )
s
KsK ICPC +qhI
qU
cqI
+
qI
~
cc RsL +
1
−
 
() 	
ก* 
0/ 5.5 fy)$"ก
	
ก!"!# 
 
 












+
+
+
+
==
c
IC
c
PCc
PC
IC
c
PC
qh
cq
dh
cd
L
K
s
L
KR
s
K
K
s
L
K
I
I
I
I
)(2
                                                       (5-24) 
 
 กก)
*%+ PCK   ICK  %	
)$ '!.*1ก#

*1*v)+)	
กZda) (characteristic polynomial) Xก+!,#-
"%

ก/ (5-24) )+)	
กZda)Xก+!,#-"

%[ "
ก/ (5-25) $".fa#
ก กก%	
)$ "

ก/ (5-26) 
ก/ (5-27)  
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2
2
)(
nini
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ss
sG
ωξω
ω
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=                                                                                         (5-25) 
 
 ccniqPCdPC RLKK −== ξω2,,                                                                                 (5-26) 
 
 cniqICdIC LKK
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 กก)
*%+ PCK   ICK ก"* ก
ก/ (5-26) 
ก
/ (5-27) )*dก"g+
*ก0	"/%.กก"' m(/f0.*#$".)*dก"
g+
*ก,("/ 50 

,/ ก 2500 g*%m+ "& 
,/1
!%* )( niω  

ก 2π×2500 rad/s ก"%ก.0,% (damping ratio: ξ) 
ก 2/2  ) /'.ก%%/ก*กu% (underdamped 
response) "& 
,)
*%+%	
)$ $"."
ก/ (5-28) 

ก/ (5-29) %
"  
 
 8660)039.0)(5000)(
2
2
(2,, =−== πqPCdPC KK                                              (5-28) 
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,, 1062.9)039.0()5000( ×=== πqICdIC KK                                                     (5-29) 
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* 
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.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ก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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ก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
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
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
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'!.	
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/$
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	
/" 
(Kazmierkowski and Malesani, 1998) -"#/ก	
ก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!# "$"."0/ 5.6  
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.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,กd+กa"ก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d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ก0/ 5.6 ก0"ก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.* dhi   qhi  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กก
d".#*1 DQF ก&"กกกก!"!#* ( cdi  , cqi ) $".
" / ( di
~ , qi
~ ) YYd*)	%'.ก%	
)$ ) /./	

กa"ก!"!#'.

'ก.#กก.* -"#%+)	%/กก%	
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".* ( du , qu ) m(/"กก'
ก/ (5-16) 
ก/ (5-17) 
) /'.$"."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%+)	%.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+%+ก"* (v*dl , v
*
ql)  %."*ก
%bก%
0/ 5.6 '.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ก"ก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*
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d$h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*
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*
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θ
di
~
qi
~
dt
d
6
 -
p
u
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mv⋅⋅
2
3
3
2
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
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ก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 (Thomas, 1998) "& 
,
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d
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ก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 Hz5000250022 max, =×=×= hc ff                                                                    (5-30) 
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ก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cq
dc
q
cd
dc
ddc i
C
d
i
C
d
dt
dV
−−=                                                                                        (5-31) 
 
 cqqcdddcdc idid
dt
dV
C −−=                                                                                        (5-32) 
 
     cqqcdddc ididi −−=−                                                                                                (5-33) 
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ก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ก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ก"ก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  YYd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%	
'ก	
"$% ) /'.#%

.'($".*#
% cdi (&
'
 vcdi , "&
,#"
ก

)1+
 dci   vcdi ,  "
ก/ (5-35) 
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ก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ก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ก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dc                                                                                                (5-37) 
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ก	
 "0/ 5.8 $".)*d'!.%	
)$
) /	
"$%/%ก
%กb	'.
/ -"#*/
%.*+ก%
	
)$-"
 "
ก/ (5-38) ก&m$"."
ก/ (5-39) 
"
'.#0'0Xก+!,#- "
ก/ (5-40) '.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ก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ก/ (5-37) 
ก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#-.$"ก
ก0"ก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Xก+!,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%

ก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ก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ก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"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ก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0,
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ก 2/2  "!ก
"0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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
"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ก 750 V "/$".ก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/ 5.9 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ก"/%ก
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กb
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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กก
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ก	
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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  2 bกก%g+
*ก (harmonic detection) ".#*1 DQF ./d
ก.*ก"* ),( qhdh ii '.ก	
ก!"!# 
 
  3 	
ก!"!# ก".# 	
ก!"!#ก"* 
	
"$% ก*%!+	กd+$ PWM 
 
  4 กกก ./a"ก!"!#) /ก"g+
*ก
/ก*"(&'/	" PCC 
 
%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)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*%+"
,กก"g+
*ก 
)
*%+#ก$hก Vs= 220 Vrms , fs=50 Hz,  Ls=10.1 mH 
)
*%+-" 
LL,max = 4 H, RL,max = 130 Ω 
LL,min = 2 H, RL,min = 65 Ω 
)
*%+'กกก Lc=39 mH, Vdc=750V, Cdc=200 µF 
)
*%+ก	
ก*%!+".#* PWM fc=5000 Hz 
)
*%+%	
)$ 
KPC =866 , KIC =9.62×10
6 
KPV =0.0175 , KIV =0.3884 
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ก RL 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/#ก
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"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ก 750 V 
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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#!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%&% 0.4 *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$%
ก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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"ก
ก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d 0.25 *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
%.0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ก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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/ 5.3 fก,กd+กก!"!#ก!"!# 
%THD 
ก$h 
 
av%THD  
u v w 
%THD กก!"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!"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5.7 	2 
fก,กd+กก"g+
*ก' กกก
/$".กก-.ก	
ก!"!# ก	
"
$% -"#)(/)d*%e%+ ) กก
ก ก!"!#$%กก"&' 91.36 "$"-./  %THD #0'
กd+
%[ IEEE Std.519-1992 (
,# #$".กก	
".#*1ก
"ก'.
,กก"g+
*ก/"  
,('.fก%/"b%ก
/#-"  /กก	
)*d#0ก"* #$กb%
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+
*# %.ก)	
'.

,กก"g+
*ก/"#*/(&ก/
)*d "&'%$(*1กXYY"*Z[+) /!#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		

"ก 
 
*#'/ 4 d*%e%+กกก
 / 5 กก	
กกก $".ก
%)*
)+ "& 
-  P. Santiprapan, K-L. Areerak, K-N. Areerak, "Mathematical Model and Control 
Strategy on DQ Frame for Shunt Active Power Filters", World Academy of Science Engineering 
and Technology, issue 60, December 2011, pp. 353-361. 
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 6 
ก	
	
			 ก	!"#$
	 
 
6.1 ' 
 ก	
			
ก	กกก		  !
"กก#$%ก&&
 '%&&()!%'*%&  	+,-!
*!ก
	
		ก* .กก		/	
		0-!%1ก233%45$ &
ก* %1ก!		/	)%	/ (Adaptive Tabu Search: ATS) (Puangdownreong, 
Areerak, Srikaew, Sujitjorn, and Totarong, 2002) %1กก*")ก !'Q&Q ก!
*0%/$& !ก	/	
		0-	ก% กก+ 	+-!ก
	+/ก!		/	)%	/ กก	/ก! ก
ก		/	
0-!%1ก!		/	)%	/ -",(ก
"กR$ก		(กก		-! 	+ 
 
6.2 ก	!"#$
	 
/	
	 /	 *
%
/	 *
 /	
	
/		!
/	&

		ก!
/	&
		
	S0"%&
	)*ก 	&
 
)& 6.1 %0Q+5ก!		/	) 
 
ก!		/	) (tabu search) (Glover, 1989) %0Q+5กก!/	
.ก/% Qก/	 * !&*-)*/	&&
 %1ก
ก*$ก	0Q+5ก! )& 6.1 ก)ก/-!* 0Q+(%&ก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
 Q ก*)
0Q+(% %&/!ก!/	ก
/	2
	  [  !
กก% (move operator) 0Q&กQก/	 *&ก*/	2
	 .]ก
%*ก/		! (neighborhood search) ^ ]%&/!&ก !Qก
/	&&
,+'/	 */*- ก&-!/	&&
 
ก+/!/! %1ก!		/	)-!0%&/%Q&-ก% -!ก* Q&-ก
%-/	 *&*ก%-*ก*/	2
	 Q&-ก&!ก
!/	& !ก%ก	)*ก	& (cycle avoidance) ++0Q& !ก%,"
!/	&
0!ก/	&
			S0"%& (local optimum avoidance) 
-!ก!/	&
		ก! (global optimum)  
%1ก!		/	)%	/ (Adaptive Tabu Search: ATS) -!	ก0` a 
0.]. 2545 . ก0 ก4$  
 %`  
%/ d,&/"
$0Q&&	

"ก!/	 !ก0%&ก-กก!!- ก%, Q ก%! 
(back tracking) ก	*]ก! (adaptive search radius) +/ก!!%1 
ATS 
-! + 
 	 1 กก	)
 ก! (countmax) ก0Q+&
!/	 (S) ก
*/	%&/!^ 0Q+&! SN /	 ก+
%/	&&
 '/	%&/! (S0) )& 6.2 (ก) 
	 2 ก
*Qก/		! (Sneighbor) ก]%&/! (R) 
0Q&%/	&&
^ ]ก* -!/	&&
'/	 * (Snew) 
		ก!2
	 (countn) )& 6.2 () 
 
 
(ก) +/& 1                                           () +/& 2 
 
)& 6.2 กก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 	 3 /	 * (Snew)  	2
	'/	%&/! (S0) 		ก
!"- .Q& countn < countmax ก%,%ก!/+/*+/& 2 ก+ 
ก&-!/	/Q&-&ก Q countn > countmax ,
/%ก! 
 	 4 ก%*ก&ก%,		/	)-*"/	 * 
(Snew) &ก*/	%&/! (S0)  	ก!2
	 &Q /	ก*-*

กก/	&'	S0"%& + ,!)*+/ก%! &Q&-ก

3/% !ก	-! 0Q+&/	ก* d,&(กก	กก* !ก%0Q+&ก
! * d,&.ก&
กก/	&'			S0"%&-! 
 	 5 ก	]ก! ก& (6-1) ก] *ก
!ก&! ก!/	&&
 d,& !/	กก!ก,+ /*
 /ก! กก	]ก!iกก%- ก!-*	

/	&/!ก + ก	] !ก			&0%R,3 ก	
+	ก!/	&&
!%1 ATS -!1%	'(^0-!)& 6.3 
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.& DF Q /ก	ก] (Decreasing Factor) 
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countnS0
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0Q+&!
0Q+&! *
กก%!
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6.3 ก	ก'!*$*ก	!* ก	!"#$
	 
กก	/ก!*0%/$ PCK  ICK  	ก%!%1 ATS 
3*%& Q&กก! *&-*" !-!%-*ก%.$/*
^n%	/%  ()!%,-!,",'--! ก !*ก		$ field 
programmable gate arrays (	$ FPGAs) .0%Rก" FPGA module, APEX 
DSP Development Board (starter Version) of Altera Co., Ltd The Quartus II Limited Edition 40 
kHz 16 bit ก	กก	/0Q&!*0%/$ 
กก	/%&/!0%Rก& !ก		0%/$/	
		
0-.]		R%/]/$ /ก& (5-26) ก& (5-27)  	& 5 0Q&
/*01$* PCK  ICK  ก& (6-2) 
 
ξ
ω
2
ni
PC
IC
K
K
=                                                                                                                (6-2) 
 
ก/*01$ก* "	/)
*0%/$ PCK
 ICK  ก& (6-3) ก& (6-4) /	 .& T  Q *กก/*
	$ (sampling time) ก+*"&1/% )( niω  */*ก!)*
"/ (ξ)  ก& (6-3) ก& (6-4) d,&*ก*")กก-! 	& 5 
+ 	/*0%/$ PCK  ICK  -!ก& (6-5) ก& (6-6) 
/	 	/ก*")ก !'0Q+&!/		กก		/	

		0-!%1 ATS /*-  
 
65535
2
=





+ TKK PC
ni
PC ξ
ω                                                                                      (6-3) 
 
65535
2
=+





TKK ICIC
niω
ξ                                                                                      (6-4) 
 
( ) 655351025
)2/2(2
25002 6 =×
×
+ −PCPC KK
π  ; ]1030.51,0[ 3×∈PCK             (6-5) 
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 65535)1025(
25002
)2/2(2 6 =×+
×
−
ICIC KKπ
 ; ]1072.569,0[ 6×∈ICK            (6-6) 
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/! ()!%-!ก{ก%*)*!ก 2  ก*Q 
ก %ก(/***กก	*ก!% !กRก!		 2 
0%/$ & %ก(/***กก	*ก!% 
!กRก!		 4 0%/$ d,& !& 6.4 !& 6.5 /	  
 
6.4 ก	!" 2 	$	,* 
ก	
"/	
		0- . !%1233%45$&ก* %1ก
!		/	)%	/ Q %1 ATS &-!1%	กก/!& 6.2 !+
%ก!*0%/$/	
		0- 2 * -!ก* * PCK  * ICK  	ก
% .ก	ก	
"/	
		0- 0Q&	
กSก
กกก		!%1 ATS &0%R-!ก)& 6.4 
 
 6.4.1 ก	ก"-	$	,* ก	!"# 
$
	 
 
+ -
1
Lc s
icd
inductor filters
AI methods
ATS
objective function
PI Controller
VSI-PWM
W
idh
+
-
idh
v*dl
+ -
icq
iqh
iqh
v*ql
V
ud
uq
icd
θ
θ
icq
dq
3
v*ul
v*vl
v*wl
dq
3
vul
vpcc,u
icu
icd icq
-
-
+
+
W = f (KPC , KIC)
Eq. 6-8
PI Controller
errord
errorqsearching parameters
KPC , KIC
Eq. 5-16
Eq. 5-17
vvl
vwl
1
Lc s+
-
icv
+
-
1
Lc s
icw
di
~
qi
~
vpcc,v vpcc,w
 
)& 6.4 (^0-กกก		/	
		0-!%1 ATS 
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  ก	ก	
"/	
		0- )& 6.4 %&/!กก
*ก!% ( dhi , qhi ) ก	ก	*ก ( cdi , cqi ) '(/**ก+
	ก% ( di
~ , qi
~ ) 	 !'%0
/{ !ก	/	
		0- .*/$0
/&ก
ก/	
ก* ( du , qu )  ก& (5-16) ก& (5-17) 0Q&R
*/$0
/!%%$/$	ก% (v*dl , v
*
ql) ก+*ก* !
)*	%R-{ (v*ul , v
*
vl , v
*
wl) 0Q&(*
	iก%$/$**&
	
ก%/$!%0		%) i ก&-! '/$0
/&กก
%$/$ (vul , vvl , vwl) (*/& (Lc) ก'*ก ก& (6-7) d,&*
(/**ก!%ก	ก")ก !'*%0
/2ก$/"
$
ก!*0%/$ KPC  KIC 	/	
		0- 
 
 
c
kpccklck
L
vv
dt
di ,−=                                                                                                       (6-7) 
  
.& klv  Q /$0
/%$/$ (V); k =  u, v, w 
  kpccv ,  Q -{&
 PCC (V); k =  u, v, w 
 
  	 ก ()!%
*&"	
ก  !
 ก!ก	ก!%ก&
 .%(*2ก$/"
$ Q * Werr ก&  
(6-8) R-!กก*S&ก(*(/** dhi  ก	 cdi  (errord) (/*
* qhi  ก	 cqi  (errorq) กS&!
!)+ (N) +  กR&
ก* ก!ก	ก!% .!* W  *( !* %THD 
ก&**ก-{กS&!*ก 
 
 
 N
iiiiiiii
W
N
i
cqqh
N
i
cddh
err
2
)()()()(
2
1
2
1






−+





−
=
∑∑
==
                                         (6-8) 
 
  ก"กR$0Q& ! PCK  ICK ")ก !'0%/$ 2ก$
/"
$ก! 1%	!กR*
01$		!ก	 (backward 
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difference approximation) 0Q&'ก				.ก simulink  .ก   
m-file Q&กก"กR$ .ก m-file "(ก!
*0%/$&-!iก*ก"กR$	.ก simulink .%&/!
ก ก	*(%0*ก!%ก	*ก	ก% '	!) 
))(
~
),(
~
( nini qd   !*(%0ก*'%0
/ !ก*/	
		0-0Q&R*
!% ( )(nud , )(nuq ) ก	iก PI Controller  )& 6.4 %ก%$!
		%/ %&/!กก& (6-9) . !กR		 Tustin ก& (6-10) 
*ก* ก& (6-9) -!ก& (6-11) กกก*%ก
d(ก( (inverse Z transform) 0Q&'.ก& (6-12) ก&    
(6-13) /	 
 
 ( )
s
KsK
sI
sU
sI
sU ICPC
q
q
d
d +==
)(
~
)(
)(
~
)(                                                                             (6-9) 
 






+
−
=
1
12
z
z
T
s                                                                                                             (6-10) 
 






−
+
−
+==
1
1
12)(
~
)(
)(
~
)(
zz
zTK
K
zI
zU
zI
zU IC
PC
q
q
d
d                                                   (6-11) 
 










−
+



−
+=








=




 −−−−
1
1
12)(
~
)(
)(
~
)( 1111
z
z
z
z
z
TK
K
zI
zU
z
zI
zU
z ICPC
q
q
d
d            (6-12) 
 
( ))1()1()()1(
2)(
~
)(
)(
~
)( 1 −⋅+⋅+== − nunu
TK
K
ni
nu
ni
nu nnIC
PC
q
q
d
d                             (6-13) 
  
  กก& (6-13) "*/$0
/&กก/	
		0-	ก
%  ก4R	!) (array) ก& (6-14) ก& (6-15) 0Q&'*%0
/
 !ก	กR/$0
/!%%$/$	ก% (v*dl (n), v
*
ql (n)) ก& 
(6-16) ก& (6-17) ก+*ก* !)*	%R0Q&		ก	
33R0$)&'33R0$	
%/$-	%$/$ 
ก&-!'/$0
/%$/$+ (vul (n), vvl (n), vwl (n)) ก
R*ก-!/ก& (6-18)  
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( ))1()1()()1(
2
)(
~
)(
~
)( 1 −⋅+⋅+= − nunu
TniK
niKnu nndICdPCd                           (6-14) 
 
 
( ))1()1()()1(
2
)(
~
)(
~
)( 1 −⋅+⋅+= − nunu
TniK
niKnu nn
qIC
qPCq                            (6-15) 
 
 
mdcqcdl vnuniLnnv ⋅⋅++−⋅⋅−=
2
3
3
2
)()1()()(* ω                                           (6-16) 
 
 )()1()()(
* nuniLnnv qcdcql +−= ω                                                                          (6-17) 
 
 
c
kpccklckckckck
L
nvnv
T
nini
T
i
dt
di )()()1()( ,−=
−−
=
∆
≈                                          (6-18) 
 
  กก& (6-18) "R*ก-!กก& (6-19) 
%R !)*	ก% 0Q&-		ก	*ก!%	ก%  ก
R* Werr 0Q& !%(*ก!!%1 ATS *+Q&[ -!*/	&

		ก!0%/$ PCK  ICK  
 
 )1(
)()(
)(
, −+×




 −
= niT
L
nvnv
ni ck
c
kpcckl
ck                                                         (6-19) 
 
 .&  T  Q *กก/* 
 
  ก"กR$	.ก m-file 	!*0%/$ PCK
 ICK !%1 ATS ก"กR$	.ก simulink ก%*Q&"Q-!
+/!ก/	 Q")ก/! .ก		*กRก
	ก%.ก+ d,&ก)& 6.5 ก/-!* *ก ก!
ก ^/ Q&*กก*ก%ก& Q&กก&
*.ก */+/* 0.14 % '/!- กR!.ก
+ !*ก& ก!*ก )& 6.6 ก(ก* 0	* Q& !ก
		* Werr &-!ก.ก m - file ก	* %THD &-!ก.ก simulink 
.!ก /& 6.1 .Q&* Werr *( !* %THD !*ก 
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0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14
-3
-2
-1
0
1
2
3
0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14
-3
-2
-1
0
1
2
3
time (sec)
simulink
m-file
i
cd
i
cq
 
)& 6.5 		*ก	 m - file 	ก	 simulink 
 
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3
-5
0
5
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3
-5
0
5
time (sec)
simulink
m-file
i
cd
i
cq
 
)& 6.6 		(ก&*ก	 m - file 	ก	 simulink 
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/& 6.1 (ก					 m  file ก	 simulink กR!		 2 0%/$ 
*0%/$ 
m-file (Werr) Simulink (%THD) 
PCK  ICK  
40.43 x103 66.86x106 0.028698 1.6901 
42.55 x103 69.05x106 0.028697 1.6826 
48.25 x103 80.46x106 0.028696 1.6790 
43.24 x103 71.58x106 0.028695 1.6647 
48.00 x103 81.84x106 0.028694 1.6535 
48.54 x103 80.18x106 0.028691 1.6480 
 
  
6.4.2 ก		$	,* ก	!"#$
	 "./.ก	! 
-	$	,*" 
$ก	&3 .!ก!!%1 ATS ก	! ,-./0/
1-.234567892:/ (SN) ,-./0/1-.234634;:.< (Sneighbor) 1=.6>?9@567892:/ (R) ABC1=.2>0D6>4BE6>?9@ (DF) 
5/F83<,.ก1=.H.6.975236IJ@85K9.CL9ก>4ก.61:/K.M/6C44,CL=<NB2=3L966O/Cก.61:/K.E:0P07Q@ 
ATS NR:07,>P,S<J-.ก.6JEL34H.6.975236IE><กB=.0 E><2.6.<J@8 6.2 OS<2.6.<J@8 6.5 .&ก+
"ก! !3ก	* Werr S& 	ก!S& (N) *
	&	/5 (Standard Deviation: SD) /	 
 
/& 6.2 (ก	/	%&/! กR!		 2 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
/	%&/!*ก	 5 /	 
* errW  0.028698 0.028698 0.028699 0.028699 0.028698 0.028698 0.55x10
-6 
	 10 9 10 9 10 9.6 0.55 
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/& 6.2 (ก	/	%&/!  กR!		 2 0%/$ (/*) 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
/	%&/!*ก	 10 /	 
* errW  0.028698 0.028698 0.028700 0.028696 0.028695 0.028697 1.95x10
-6 
	 9 12 15 1 2 7.8 6.14 
/	%&/!*ก	 15 /	 
* errW  0.028699 0.028700 0.028699 0.028699 0.028699 0.028699 0.45x10
-6 
	 14 9 7 8 6 8.8 3.11 
/	%&/!*ก	 20 /	 
* errW  0.028698 0.028696 0.028699 0.028697 0.028699 0.028698 1.30x10
-6 
	 1 19 27 4 4 11 11.38 
/	%&/!*ก	 25 /	 
* errW  0.02870 0.028698 0.028695 0.028694 0.028698 0.028697 2.45x10
-6 
	 4 9 7 11 7 7.6 2.61 
/	%&/!*ก	 30 /	 
* errW  0.028697 0.028698 0.028698 0.028700 0.028696 0.028698 1.48x10
-6 
	 1 3 8 7 11 6 4.00 
/
: /		!*ก	 5 /	, *]%&/!*ก	 0.5,  
                  *	]*ก	 1.1 
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/& 6.3 (ก	/		! กR!		 2 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
/		!*ก	 5 /	 
* errW  0.02870 0.028698 0.028695 0.028694 0.028698 0.028697 2.45x10
-6 
	 4 9 7 11 7 7.6 2.61 
/		!*ก	 10 /	 
* errW  0.028698 0.028695 0.028694 0.028696 0.028696 0.028696 1.48x10
-6 
	 5 7 4 6 3 5 1.58 
/		!*ก	 15 /	 
* errW  0.028700 0.028697 0.028695 0.028696 0.028699 0.028697 2.07x10
-6 
	 2 5 3 3 10 4.6 3.21 
/		!*ก	 20 /	 
* errW  0.028699 0.028696 0.028698 0.028696 0.028698 0.028697 1.34x10
-6 
	 4 4 2 4 2 3.2 1.10 
/		!*ก	 25 /	 
* errW  0.028699 0.028697 0.028697 0.028698 0.028696 0.028697 1.14x10
-6 
	 1 5 3 1 6 3.2 2.28 
/		!*ก	 30 /	 
* errW  0.028698 0.028698 0.028696 0.028699 0.028697 0.028698 1.14x10
-6 
	 3 4 3 1 1 2.4 1.34 
/
: /	%&/!*ก	 25 /	, *]%&/!*ก	 0.5, 
                  *	]*ก	 1.1 
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/& 6.4 (ก	*]%&/! กR!		 2 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
*]%&/!*ก	 0.25 
* errW  0.028699 0.028699 0.028700 0.028697 0.028697 0.028698 1.34x10
-6 
	 2 3 5 7 5 4.4 1.95 
*]%&/!*ก	 0.5 
* errW  0.028698 0.028695 0.028694 0.028696 0.028696 0.028696 1.48x10
-6 
	 5 7 4 6 3 5 1.58 
*]%&/!*ก	 1 
* errW  0.028694 0.028697 0.028698 0.028697 0.028698 0.028697 1.64x10
-6 
	 1 1 1 5 9 3.4 3.58 
*]%&/!*ก	 2 
* errW  0.028699 0.028698 0.028697 0.028696 0.028697 0.028697 1.14x10
-6 
	 4 9 17 1 2 6.6 6.58 
*]%&/!*ก	 3 
* errW  0.028698 0.028697 0.028696 0.028699 0.028698 0.028698 1.14x10
-6 
	 2 11 1 10 14 7.6 5.77 
*]%&/!*ก	 4 
* errW  0.028700 0.028698 0.028699 0.028696 0.028695 0.028698 2.07x10
-6 
	 5 14 3 12 2 7.2 5.45 
/
: /	%&/!*ก	 25 /	, /		!*ก	 10 /	, 
                  *	]*ก	 1.1 
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/& 6.5 (ก	*	] กR!		 2 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
*	]*ก	 1.05 
* errW  0.028699 0.028697 0.028700 0.028699 0.028699 0.028699 1.09x10
-6 
	 7 14 8 8 13 10 3.24 
*	]*ก	 1.1 
* errW  0.028698 0.028695 0.028694 0.028696 0.028696 0.028696 1.48x10
-6 
	 5 7 4 6 3 5 1.58 
*	]*ก	 1.2 
* errW  0.028696 0.028696 0.028696 0.028699 0.028697 0.028697 1.30x10
-6 
	 5 3 6 5 1 4 2.00 
*	]*ก	 1.3 
* errW  0.028696 0.028698 0.028698 0.028700 0.028697 0.028698 1.48x10
-6 
	 1 4 2 4 4 3 1.41 
*	]*ก	 1.4 
* errW  0.028700 0.028698 0.028697 0.028696 0.028698 0.028698 1.48x10
-6 
	 8 5 3 1 4 4.2 2.59 
*	]*ก	 1.5 
* errW  0.028697 0.028699 0.028700 0.028698 0.028700 0.028699 1.30x10
-6 
	 1 2 2 11 4 4 4.06 
/
: /	%&/!*ก	 25 /	, /		!*ก	 10 /	, 
                  *]%&/!*ก	 0.5 
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  ก/& 6.2 ",/& 6.5 กQก*0%/$ก!%1 ATS  !
กR$0%Rก* Werr 'i3 	ก! *	&	/5'
i %&/!ก ! /	%&/! *ก	 5 /	 /		! 
*ก	 5 /	 *]%&/! *ก	 0.5 *	] *ก	 1.1 ก+%ก
	0%/$ ATS  /*/ %&ก/	%&/! *ก	 5, 10, 15, 20, 25 
 30 /	 .&*0%/$/Q& [ & ก/& 6.2 0	* /	%&/! 
*ก	 10 /	  25 /	  !* Werr S&!&
 *ก	 0.028697 /*&/	
%&/! *ก	 25 /	 	ก!S&&!ก* ,Qก !	ก	
0%/$/"- /& 6.3 (ก	/		! *ก	 10, 15, 20, 
25, 30  35 /	 .&/	%&/! *ก	 25 /	 *]%&/! *ก	 0.5 
*	] *ก	 1.1 (กn* 	ก!-*3 &/	
	! *ก	 10 /	 !* Werr S&!&
 *ก	 0.028696 , !		
ก	0%/$/"- /& 6.4 	*]%&/! *ก	 0.5, 1, 2, 3, 4  5 .&
/	%&/! *ก	 25 /	 /		! *ก	 10 /	 *	
] *ก	 1.1 0	* 	ก!-*3 &*]%&/! *ก	 0.5  !* Werr 
S&!&
 *ก	 0.028696 /& 6.5 Q&0%R&	ก/-!*-*
3 +,0%R* Werr S& *ก	 0.028696 &*	] *ก	 1.1  !*
!&
  
 
10 20 30 40 50 60 70 80 90 100
0.0287
0.0287
0.0287
0.0287
0.0287
0.0287
0.0287
number of cycle
old parameters
new parameters
W
err
W
err
 =0.028704
W
err
 =0.028691
 
)& 6.7 ก)*!* W กR!		 2 0%/$ 
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  ก(ก	+ก !0%/$ก!%1 ATS 
/	%&/! *ก	 25 /	 /		! *ก	 10 /	 *]%&/! *ก	 
0.5 *	] *ก	 1.1 d,&*0%/$ * (new parameters) &-!กก	+
 !(ก)*!* Werr *ก	 0.02691 ก**0%/$% (old parameters) & !(ก)*
!* Werr *ก	 0.02704 (ก		-!)& 6.7 *0%/$/
	
		0-&-!กก!!%1 ATS -!/& 6.6 
 
/& 6.6 (ก!*0%/$/	
		0- กR!		 2 0%/$ 
*0%/$ 
%/	
ก 
PI+MATH 
PI+ATS 
(old parameter) 
PI+ATS 
(new parameter) 
dPCK ,  0.87 x 10
3 24.97 x 103 48.54 x 103 
dICK ,  9.62 x 10
6 70.84 x 106 80.18 x 106 
qPCK ,  0.87 x 10
3 24.97 x 103 48.54 x 103 
qICK ,  9.62 x 10
6 70.84 x 106 80.18 x 106 
Werr 0.029070 0.028704 0.028691 
 
,.ก2.6.<J@8 6.6 H40=. ก.633กA442>01041U9A44H@V3E:0P07Q@ก.6J.<
1W72?.L26IMK:1=.ก.6D6C597/,.กXY<กIZ>/0>2OUD6CL<1I (Werr) 5J=.ก>4 0.029070 M/L=0/ก6W@ก.6
33กA44E:0P07Q@ ATS E:0PH.6.975236IZUE5ก=.MK:1=. Werr 5J=.ก>4 0.028704 ABCก6W@ก.633กA44
E:0P07Q@ ATS E:0PH.6.975236IZUEMK9=,CMK:1=. Werr /:3PJ@8LUE 5J=.ก>4 0.028691 ,.กNBE><กB=.0
L.9.6OPF/P>/VE:0=.ก.633กA44E:0P07Q@ ATS MK:1=.ก.6D6C597/J@8E@ก0=.07Q@ก.6E>^<5E79 3@กJ>^<ก.6
33กA44J@8VE:6>4ก.6JEL34H.6.975236I;3<ก.61:/K. ,C9@L966O/Cก.61:/K.1-.234J@8E@ 
 
6.5 ก	!" 4 	$	,* 
 กก		/	
		0-0Q&	
"ก	
ก!%1 
ATS 'ก!*0% /$ PCK  ICK 0Q&	ก				ก%!
*0%/$
ก Q&กกก		0%/$ก*!%1ก
R%/]/$ !(กก			ก ก%&Qก กก		!%1 ATS  
!/!,!%ก!		% ()!%,-!/+
/%5*ก!*0%/$ 
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PCK   ICK  &%/*ก	ก% ( dPCK , , dICK , , qPCK , , qICK , ) Q
*ก*
ก!% **	
"/	
		0- !,+ก*%-! 
"0%Rก	กก		 -!)& 6.8 
 
 6.5.1 ก	ก"-	$	,* ก	!"# 
$
	 
 
W
V
θ
θ
di
~
qi
~
 
)& 6.8 (^0-กกก		/	
		0-!%1 ATS 		 4 0%/$ 
 
ก)& 6.8 ก	
"/	
		0-+/กก		
Qก	กRก!		 2 0%/$ /ก/*กS0 *2ก$/"
$
ก!*0%/$ d,&กR+!ก+ 4 * -!ก* dPCK , , dICK , , qPCK ,  qICK ,
!/ก/*ก**( !กR*!% ( du , qu )  ก& (6-9) ก&  
(6-10) ก	&/ก!*0%/$!%1 ATS 	ก% ก& (6-20) 
ก& (6-21) ก+ %กQกก	+/กก		 
!& 6.4 ก%* Werr (*2ก$/"
$ /ก& (6-8) ก&-!
*0%/$/	
		0-&&
 
 
( ))1()1()()1(
2
)(
~
)(
~
)( 1
,
, −⋅+⋅
⋅
+⋅= − nunu
TniK
niKnu nn
ddIC
ddPCd                 (6-20) 
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 ( ))1()1()()1(
2
)(
~
)(
~
)( 1
,
, −⋅+⋅
⋅
+⋅= − nunu
TniK
niKnu nn
qqIC
qqPCq                  (6-21) 
 
ก"กR$	.ก m-file 	ก!*0%/$
/	
+ 4 * !%1 ATS ก"กR$	.ก simulink -!	ก
/	 01$** Werr ก.ก m - file ก	* %THD ก.ก 
simulink /& 6.7 ก/-!* *0%/$/	
+ 4 * &-!กก
!%/*ก ^ /!	/ก!ก /&-!ก-! !& 6.3 d,&(ก
	 0	* Q&* Werr   * %THD กi.!!*ก 
 
/& 6.7 (ก					 m  file ก	 simulink กR!		 4 0%/$ 
*0%/$ 
m-file (Werr) 
Simulink 
(%THD) 
	ก 	ก% 
dPCK ,  dICK ,  qPCK ,  qICK ,  
21.22 x 103 131.99 x 106 28.30 x 103 16.43 x 106 0.028630 1.7113 
35.89 x 103 139.44 x 106 47.88 x 103 81.54 x 106 0.028627 1.6860 
38.89 x 103 147.63 x 106 48.00 x 103 175.33 x 106 0.028624 1.6766 
23.83 x 103 87.24 x 106 30.38 x 103 78.22 x 106 0.028623 1.6558 
33.74 x 103 60.16 x 106 42.51 x 103 9.84 x 106 0.028621 1.6231 
26.84 x 103 82.66 x 106 34.60 x 103 80.30 x 106 0.028613 1.6205 
 
6.5.2 ก		$	,* ก	!"#$
	 "./.ก	! 
-	$	,*" 
ก!0%/$/	
!%1 ATS 		 4 0%/$'/!
-!	ก	*0%/$ ATS ++0Q& !(ก	"ก	
/
	
ก*	5ก 0%/$& !,/!ก	+ 4 * -!ก* 
/	%&/! /		! ]%&/! /	] 0Q& !ก	ก
!*0%/$ ATS &ก	ก! 		 .(ก	-!
+ 
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/& 6.8 (ก	/	%&/! กR!		 4 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
/	%&/!*ก	 5 /	 
* errW  0.028628 0.028625 0.028625 0.028617 0.028628 0.028625 4.51x10
-6 
	 8 6 12 6 8 8 2.45 
/	%&/!*ก	 10 /	 
* errW  0.028626 0.028627 0.028629 0.028623 0.028627 0.028626 2.19x10
-6 
	 16 9 5 2 9 8.2 5.26 
/	%&/!*ก	 15 /	 
* errW  0.028622 0.028617 0.028629 0.028625 0.028629 0.028624 5.08x10
-6 
	 8 6 12 12 6 8.8 3.03 
/	%&/!*ก	 20 /	 
* errW  0.028626 0.028627 0.028629 0.028621 0.028621 0.028625 3.63x10
-6 
	 2 1 9 4 4 4 3.08 
/	%&/!*ก	 25 /	 
* errW  0.028606 0.028629 0.028624 0.028628 0.028622 0.028622 9.28x10
-6 
	 5 9 17 8 3 8.4 5.37 
/	%&/!*ก	 30 /	 
* errW  0.028629 0.028626 0.028629 0.028628 0.028630 0.028628 1.52x10
-6 
	 14 8 8 6 13 9.8 3.49 
/
: /		!*ก	 5 /	, *]%&/!*ก	 0.5, 
                  *	]*ก	 1.1 
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/& 6.9 (ก	/		! กR!		 4 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
/		!*ก	 10 /	 
* errW  0.028629 0.028624 0.028627 0.028630 0.028625 0.028627 2.55x10
-6 
	 5 12 8 2 1 5.6 4.51 
/		!*ก	 15 /	 
* errW  0.028628 0.028626 0.028618 0.028615 0.028629 0.028623 6.30x10
-6 
	 5 6 3 3 5 4.4 1.34 
/		!*ก	 20 /	 
* errW  0.028624 0.028628 0.028630 0.028613 0.028624 0.028624 6.57x10
-6 
	 2 3 6 2 2 3 1.73 
/		!*ก	 25 /	 
* errW  0.028619 0.028620 0.028625 0.028626 0.028621 0.028622 3.11x10
-6 
	 6 2 4 4 5 4.2 1.48 
/		!*ก	 30 /	 
* errW  0.028621 0.028616 0.028610 0.028622 0.028628 0.028619 6.77x10
-6 
	 1 3 5 3 5 3.4 1.67 
/		!*ก	 35 /	 
* errW  0.028621 0.028616 0.028625 0.028627 0.028626 0.028623 4.53x10
-6 
	 1 1 2 3 6 2.6 2.07 
/
: /	%&/!*ก	 25 /	, *]%&/!*ก	 0.5,  
                  *	]*ก	 1.1 
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/& 6.10 (ก	*]%&/! กR!		 4 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
*]%&/!*ก	 0.5 
* errW  0.028621 0.028616 0.028610 0.028622 0.028628 0.028619 6.77x10
-6 
	 1 3 5 3 5 3.4 1.67 
*]%&/!*ก	 1 
* errW  0.028613 0.028628 0.028624 0.028618 0.028627 0.028622 6.36x10
-6 
	 7 8 3 5 4 5.4 2.07 
*]%&/!*ก	 2 
* errW  0.028603 0.028610 0.028621 0.028620 0.028623 0.028615 8.56x10
-6 
	 4 10 9 8 9 8 2.34 
*]%&/!*ก	 3 
* errW  0.028621 0.028611 0.028628 0.028621 0.028628 0.028622 6.68x10
-6 
	 5 14 15 8 14 11.2 4.44 
*]%&/!*ก	 4 
* errW  0.028628 0.028627 0.028615 0.028617 0.028630 0.028623 6.88x10
-6 
	 1 2 16 6 10 7 6.16 
*]%&/!*ก	 5 
* errW  0.028624 0.028625 0.028628 0.028626 0.028625 0.028626 1.51x10
-6 
	 1 14 13 2 8 7.6 6.02 
/
: /	%&/!*ก	 25 /	, /		!*ก	 30 /	, 
                  *	]*ก	 1.1 
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/& 6.11 (ก	*	] กR!		 4 0%/$ 
    +& 
 
	 
+& 1 +& 2 +& 3 +& 4 +& 5 *S& SD 
*	]*ก	 1.1 
* errW  0.028603 0.028610 0.028621 0.028620 0.028623 0.028615 8.56x10
-6 
	 4 10 9 8 9 8 2.34 
*	]*ก	 1.2 
* errW  0.028622 0.028626 0.028628 0.028629 0.028620 0.028625 3.87x10
-6 
	 8 1 5 9 6 5.8 3.11 
*	]*ก	 1.3 
* errW  0.028621 0.028607 0.028618 0.028602 0.028624 0.028614 9.45x10
-6 
	 8 5 6 5 6 6 1.22 
*	]*ก	 1.4 
* errW  0.028626 0.028615 0.028629 0.028610 0.028624 0.028621 7.98x10
-6 
	 1 4 4 2 4 3 1.41 
*	]*ก	 1.5 
* errW  0.028625 0.028617 0.028619 0.028629 0.028611 0.028620 7.01x10
-6 
	 3 1 1 3 4 2.4 1.34 
*	]*ก	 1.6 
* errW  0.028625 0.028611 0.028622 0.028626 0.028622 0.028621 5.98x10
-6 
	 1 2 4 3 4 2.8 1.30 
/
: /	%&/!*ก	 25 /	, /		!*ก	 30 /	, 
                  *]%&/!*ก	 2 
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ก/& 6.8 ",/& 6.11 กQก*0%/$ก!%1 ATS  !
กR$0%Rก* Werr 'i3 	ก! *	&	/5 '
i /	 d,& !กกQก*ก	ก!*0%/$/
	
		 2 0%/$ + ก(ก	+ก !0%/$ก!
%1 ATS /	%&/! *ก	 25 /	 /		! *ก	 30 /	 *
]%&/! *ก	 2 *	] *ก	 1.3 d,&*0%/$ * (new parameters) &-!
กก	+ !(ก)*!* Werr *ก	 0.028613 ก**0%/$% (old 
parameters) & !(ก)*!* Werr *ก	 0.028671 (ก		-!)& 6.9 
*0%/$/	
		0-&-!กก!!%1 ATS -!/& 6.12 
 
 
0 20 40 60 80 100
0.0286
0.0286
0.0287
0.0287
0.0288
0.0288
0.0289
0.0289
0.029
0.029
number of cycle
old parameters
new parameters
W
err
W
err
 = 0.028613
W
err
 = 0.028671
 
)& 6.9 ก)*!* W กR!		 4 0%/$ 
 
(กก		/	
0-. !%1 ATS A44 4 H.6.975236I ,.ก2.6.<J@8 
6.12 L><5ก2VE:0=. ก.633กA442>01041U9A44H@V3E:0PH.6.975236I;3< ATS ZUEMK9=MK:1=. Werr 
!ก*ก.633กA44E:0PH.6.975236I;3< ATS ZUE5ก=. กก		ก*P><1<MK:NBก.6
D6C597/E@ก0=.07Q@กก		&0,&0		R%/]/$ (ก*PF/P>/VE:0=.ก.6
33กA44E:0PA/0J.<MK9=L.9.6O1:/K.H.6.975236I;3<2>01041U9J@8 5K9.CL9ก>46C44              
&0%R-! 
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/& 6.12 (ก		"กก#$%ก/	
		0- 
กR!		 4 0%/$ 
*0%/$ 
%/	
ก 
PI+MATH 
PI+ATS 
(old parameter) 
PI+ATS 
(new parameter) 
dPCK ,  0.87 x 10
3 40.59 x 103 26.84 x 103 
dICK ,  9.62 x 10
6 168.73 x 106 82.66 x 106 
qPCK ,  0.87 x 10
3 49.22 x 103 34.60 x 103 
qICK ,  9.62 x 10
6 460.43 x 106 80.30 x 106 
Werr 0.029070 0.028671 0.028613 
 
6.6 /.ก	1'.ก	2,".ก	3
	/. 
ก"กR$กก#$%ก  	+0Q&/!ก	"/
	
		0- *			
ก !/
+ก	ก*-*
0%R(ก	&ก%,+ก			
	-/ + ,Qก !**
-{ก/&* !ก	กกก*& *ก	 750 V .		
-{&0%R -!)& 6.10  %/@^VE:/-.5L/3ก.65D6@P45J@P42>01041U9A44H@V3
J@89@ก.633กA441=.H.6.975236I dPCK ,  dICK ,  qPCK ,  ABC qICK ,  M/ 2 A/0J.<E><2=3VD/@^ 
 
 1 ก.633กA44_EP3.?>PA44,-.B3<J.<1W72?.L26I E><J@8VE:3Q74.PV0:M/4JJ@8 5 
 
 2 ก.633กA44E:0P07Q@ ATS J@8%ก*(/***กก	 
*ก!%	ก!		 2 0%/$ 		 4 0%/$ &-!-! 
!& 6.4 !& 6.5 2.9B-.E>4 
 
NBก.6,-.B3<LO./ก.6WIVE:H7,.6W.M/Z=0<50B.2>^<A2= 0 07/.J@ OS< 0.20 07/.J@ 5/F83<,.ก
M/Z=0<50B.E><กB=.06C445;:.LR=L`.0C1<2>0 ก.6JEL34J>^<L3<A/0J.<;:.<2:/MK:NBก.6
5D6@P45J@P4L966O/Cก.6Sกกกก		;3<2>01041U9
A44H@V3 ALE<VE:E><2.6.<J@8 6.13   
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S1 S3 S5
S2 S4 S6
V
θd
i
~
qi
~
dt
d






=
+=
−
α
β
βα
θ
V
V
VVV
1
22
tan
θ
 
 
)& 6.10 6C44L-.K6>4ก.6JEL34L966O/C;3<2>01041U9A44H@V3 
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ก/& 6.13 -!(ก		"/	
		0- 
^ก 0	* (กก#$%ก กRกก		!%1ก+% !* Werr 
* Wres *ก	 0.0291  0.208080 2.9B-.E>4 * %THDav ก!** 
*ก	 1.96 $di/$  *กRกก		!%1 ATS 		! 2 0%/$ !* Werr 
*ก	 0.0287 * %THDav ก!** *ก	 1.72 $di/$ กRก
ก		!%1 ATS 		! 4 0%/$ !* Werr *ก	 0.0286 d,&!ก* 
!/! *( !* %THDav ก!**!&
 *ก	 1.62 $di/$ 
Q&ก/"
$% /!กก		*0%/$/	
		0-  !
"ก	
กSก&&
 .+ก* %THDav ^ก
!**ก-{ก + ()!%,-!Qกกก		*0%/$
/	
!%1 ATS 		! 4 0%/$ & !* %THDav !&
 
 
/& 6.13 (ก		L966O/Cก.6Sกกกก 
		;3<2>01041U9A44H@V3 
A/0J.<ก.633กA44 
 
1=.H.6.975236I 
1W72?.L26I 
ก.61:/K.A442.4R5Z7<D6>42>0 
A44 2 H.6.975236I A44 4 H.6.975236I 
2>01041U9A44H@V3 
dPCK ,  0.87 x 10
3 48.54 x 103 26.84 x 103 
dICK ,  9.62 x 10
6 80.18 x 106 82.66 x 106 
qPCK ,  0.87 x 10
3 48.54 x 103 34.60 x 103 
qICK ,  9.62 x 10
6 80.18 x 106 80.30 x 106 
1=.0>2OUD6CL<1I Werr 0.0291 0.0287 0.0286 
NBก.6,-.B3<LO./ก.6WI 
%THDav   
(KB><ก.6ZE5ZP) 
1.96% 1.72% 1.62% 
%THDav  
( ก=3/ก.6ZE5ZP) 
24.42% 
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-500
0
500
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)& 6.11 (ก"กR$+			ก 
0.4 0.5 0.6 0.7 0.8 0.9
-10
0
10
0.4 0.5 0.6 0.7 0.8 0.9
-10
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0
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-5
0
5
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0.4 0.5 0.6 0.7 0.8 0.9
-500
0
500
0.4 0.5 0.6 0.7 0.8 0.9
-500
0
500
0.4 0.5 0.6 0.7 0.8 0.9
600
800
1000
0.4 0.5 0.6 0.7 0.8 0.9
0
5
10
0.4 0.5 0.6 0.7 0.8 0.9
0
5
10
v
sd
v
sq
V
dc
i
d
i
q
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)& 6.12 (ก"กR$+			ก% 
 
(ก"กR$+			ก -!)& 6.11 .!%
ก		ก"กR$ 	& 5 /)& 5.10 d,&ก	
ก!/
	
		0-&ก	
"!%1 ATS ก	
	-/!/
	
		0-&ก		.]		R%/]/$ Q&ก.
0.4 0.5 0.6 0.7 0.8 0.9
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-5
0
5
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0
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i
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time (s)
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กก&& 0.4 % & 0.8 % กn* ก&
**ก&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